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Tht- subcortical while matter of the adult human brain harbors a pool 01 glial progenitor cells. 
These (tils tan he isolated by fluorescence activated tell sorting (FACS) after either transfection 
with green fluoiesient protein (CTP) under the control of the CNP2 promoter, or A2B5 targeted 
immunotacjging. Although these tells give rise largely to oligodendrocytes. In low-density cul- 
ture we observed that some also generated neurons. We thus asked whether these nominally 
glial progenitors miuht include multipotential progenitor cells capable of neurogenesis. We 
found that adult human white-matter progenitor cells (WMPCs) could be passaged as neu- 
lusphere* in viae, and that these cells generated functionally competent neurons and glia both 
in vitro ant) after xenograft to the fetal rat brain. WMPCs were able to produce neurons after 
their initial isolation and did not require in vitro expansion or reprogramming to do so. These ex- 
periments indicate that an abundant pool of mitolically competent neurogenic progenitor cells 
resides in the adult human white matter. 



The adult human .subcortical white matter harbors a popula- 
tion of mitolically competent glial progenitors that comprise 
as many as 3% of its cells' '*'. These cells may be extracted (torn 
brain tissue using FACS after transfection with GFP-Mirodmg 
plasmids dnven by the promoter fur CNP, an early oligodeii- 
diocytic transcript* '. The tells express the immature neural 
ganglioside recognized by monoclonal antibody A2B5 but do 
not express more mature markers of glial lineage. We previ- 
ously noted that when girmn at high dtnsifv, P CNP2:hGFF 
progenitors gave rise to glia, laigely oligodendrocytes. 
Nonetheless, in low-density culture after high-purity 1 ACS, 
pCNP2:hGFP' nils often generated pill-tubulm' iieutons 3 . 
Because neurogenes.s was never observed horn pCNP2:hCFI>- 
cells in higher-density 01 unsoiled cultures, we postulated that 
the iestriction of these piogenitor cells to the oligodendroglial 
phenotvpe might be an effect of environmental cues rather 
than a function of autonomous commitment. Once isolated 
into high-purity, low-density culture, and therefore removed 

p CNP2:hGFP 4 cells were ;«ble to generate neurons as well as 
glia 2 . It was subsequently reported" that glial ptogenitors from 
the postnatal rat optic nerve could also generate neurons after 
serum- 01 bone morphogenetic protein-induced phenotypic 
instruction and basic fibioblast growth factor fbFGF)- stimu- 
lated expansion. Similat work showed that progenitor ceils of 
the adult tat torebrain paienchyma could also generate neu- 
rons after prolonged in vitro expansion in bl GF*. Taken to- 



gether, these findings indicated that glial piogenitor cells 
mighl lelain substantial phenotypic plasticity. 

We asked whether some fraction of the nominally glial prog- 
enitors of the adult human subcortical white matter might ac- 
tually be paienchyma) neural stem cells. Specifically, we asked 
nhethei single, sorted WMPCs could generate multiple neural 
phenotypes, and if so, whether they were capable of expansion 
and self-renewal. In addition, we investigated whether this 
process requires de ciilferentiative reprogramming to an inter- 
mediate phenotype, or whether simply removing these cells 
hum their kxal enviionment and rnitotically expanding them 
in bFGF might suffice to peimit these cells to act as multipo- 
tential progenitors. In doing so, we tested the hypothesis that 
the phenotypic plasticity of adult WMPCs might be tonically 
lestncu-cl by the adult parenchymal environment, rather than 
Irreversibly lost with development. 

WMPCs were isolated by C/vP- and A2B5-based sorting 

White matter was dissected from surgical samples taken at the 
time of temporal lobectomy for epilepsy, aneurysm, and post- 
traumatic decompression (n = 21). The tissues were dissected free 
ol adjacent cortex and ventricular epithelium, and tnzymatl- 
rally dissociated to single-cell suspension as described 2 . The dis- 
sociates were plated onto laminin (100 ug/m!) in DMEM/F12/N1 
supplemented with bFGF (20 ng/ml), MT3 (2 ng/ml) and 
platelet-derived growth factor (PDGF)-AA (20 ng/ml). To iden- 
tify oligodendrocyte progenitors, the dissociates were trans- 
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fected with pCNP2:hGFP, the transcription of which results 
in GFP expression by oligodendrocyte progenitor cells 2 . 

To avoid both the temporal lag between transfection and 
GFP expression and the Inefficiency of plasmid transfec- 
tion, cultures were also sorted on the basis of A2B5 surface 
immunoreactivity, which can serve as a surrogate marker 
for pCNP2:hCFF WMPCs in vitro 1 . Imtnunostainlng 
showed that 84 ± 8.3% of pCNP2:GFF" cells expressed A2B5 
(ref. 2). GFP-based FACS gated 0.49 ±0.15% of all white- 
matter cells as pCNP2:hGFP* (mean ± s.e.m.; n - 3 patients; 
Fig. la). Matched cultures transfected with pCMV:GFP had 
a net transfection efficiency of 13.1%. Thus, the predicted 
Incidence of pCNP2:hGFF- cells in the white matter was 
3.7% (• 1 + 0.131 x 0.49), consistent with our prior esti- 
mates of the incidence of this phenotype*. From the same 
samples, A2B5-based FACS gated an average of 3.1 ± 0.7% 
(n « 3) of the white-matter cell population (Fig. lb). The 
greater than six-fold increase in net yield when A2BS was 
used (3.1% versus 0.49%) reflected the higher efficiency 
of A2B5 immunodetection relative to P CNP2:hGFP plas- 
mid transfection. On this basis, we used immunomag- 




idendrocyte progenitor cells, a 
,n of pCNP2:hGFP* (o) and A2BS" (b) WMPCs 
i< dissociate. Forward scatter (FCS), a measure of cell s 
isity (FI-1 ). When pCNP2:hGf P- and A2B5-based 
ecUy compared, their plots showed overlapping profiles 



id A2B5 (fl 



jtA2B5* cells were >6- fold 
it than their pCNP2:hGFp- counterparts, reflecting the higher efficiency of 
A2B5 surface tagging- Progenitors sorted by pCNP2:hCFP 
1) gave rise to Of oligodendrocytes. A2B5 based 
used as a higher-yield alternative to P CNP2:hCFP 1 
WMPCs. Scale bar. 24 urn. 



netlc sorting (IMS) to select A2B5* cells from adult white-mat- 
ter dissociates. By IMS, the incidence of A2B5-sorted ceMs In 
white matter dissociates was 3.6 ± 0.3% (n - 21) with a median 
of 3.1%. This improved yield was accomplished with no ap- 
preciable loss of cell-type specificity, in that the A2B5* cells 
overlapped entirely with the sort profiles of pCNP2:hGFP* 
cells and each isolate generated 04* oligodendrocytes with 
similar efficiency (Fig. Ic-fl. Thus, A2BS-based FACS and IMS 
identified WMPCs homologous to those recognized by 
pCNP2:GFP-based FACS, while permitting higher-yield isola- 
tion of these cells. 

Adult WMPCs gave rise to multlpotent neurospheres 

To assess the expansion capacity of pCNP2:hGFP- and A2B5- 
sorted cells, we propagated sorted Isolates of each in suspen- 
sion". The cells were distributed into 24-well plates at 50,000 
cells per 0.5 ml in serum-free media (SFM) supplemented with 
bFGF (20 ng/ml), NT3 (2 ng/ml) and PDGF-AA (20 ng/ml), a 
combination that permits the expansion of human WMPCs*. 
Seven days later, the cells were switched to SFM with bFGF alone 
(20 ng/ml)'. Over the next 10 d, neurospheres— spherical masses 
of cells that expand from single parental prog- 
enitors—arose in these cultures, such that by 3 
weeks after sorting, there were 84.8 t 9-0 
spheres/well (n - 4 patients). These neu- 
rospheres were typically >150 um in diameter 
and included 46-5 ± 8.2 cells/sphere (Fig. 2a and 
b). Thus, single WMPCs of the adult human 
brain were capable of generating neurospheres. 

To establish the lineage potential of single 
adult human WMPCs, we dissociated the re- 
sultant primary neurospheres and passaged 
them into new wells. Alternatively, some were 
plated onto substrate to permit their differen- 
tiation. Immunostainlng showed that both 
pCNP2:hGFP* and A2B5* progenitor-derived 
spheres gave rise to all major neural pheno- 
types (Fig. 2<f and e). Among those cells pas- 
saged from primary spheres, secondary 
spheres were observed to arise within two 
weeks after passage. After expansion, these 
secondary spheres were similarly plated on 
substrate, raised for one to two weeks and 
fbced. lmmunolabeling confirmed that virtu- 
ally all secondary spheres generated both neu- 
rons and glla together (Fig. 2c and e). In 
addition, when the mitotic marker BrdU was 
added to A2B5-sorted cells, BrdU-incorporat- 
ing neurons, oligodendrocytes and astrocytes 
all emerged from the spheres generated (Fig. 
2f-i). The persistence of mitotic neurogenesis 
and gliogenesis by single spheres indicated 
that they contained cycling multipotential 
b, FACS cells. The secondary spheres were probably of 
clonal origin, given the low plating density of 
the single cells from which each was derived 
and the fact that the sphere-forming cells orig- 
inated from primary spheres that had them- 
selves expanded from single-cell dissociates. 
These data indicate that single progenitor cells 
of the adult human white matter are both 
clonogenic and multipotent. 
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Fig. 2 Adutt human WMPCs give rise to murtipotential neurospheres. dendrocytes (green) arose similarly from spheres derived from 

a, First-passage spheres generated from A2B5- sorted cells 2 weeks after pCNP2:GFP-sorted WMPCs. f-h, BrdU incorporation (blue) showed that 

sorting, b, First-passage spheres arising from pCNP2:hGFP-sorted cells, at new neurons if, BMI-tubuHn (red); g, MAP2 (red)} and oligodendrocyte* 

2 weeks, t, Second passage sphere derived from an A2B5 sorted sample, (n, CM (green)) were generated in vitro. I, piiMuouMn- neurons (green) 

at 3 weeks, a*, Once plated onto substrate, the primary spheres different!- co-expressed neuronal Hu protein* 4 * (red), yielding double labeling (yel- 

ated into fjllltubulin' neurons (red), GFAP* astrocytes (blue) and CM* low). Nuclei were countemained with DAPI (blue). Scale bars, 100 (im 

oligodendrocytes (green). », Neurons (red), astrocytes (blue) and oligo- (o-e) or 40 |tm </-/). 



Single WMPCs remained multipotential with passage 
The serial propagability of sorted WMPCs from neurospheres 
in low-density dissociates suggested the clonal derivation of 
each individual sphere"-". To further validate the clonal origin 
of neurons and glia arising within single spheres, we used 
lentlviral GFP to genetically tag and follow single WMPCs. 
A2B5* cells were tagged, 2-5 d after sorting, with a lentivirus 
expressing GFP under cytomegalovirus (CMV) promoter con- 
trol 11 -". At 10 PFU/cel], 23% of the cells expressed GFP by one 
week after sorting, yielding a mixture of GFP", GFP* and mixed 
spheres in the resultant cultures (Fig. 3a-b). These primary 
spheres were triturated two to four weeks later to single-cell 
suspensions and passaged into bFGF at -3,000 cells/well. 
Under these conditions, 40.8 i 12.9 secondary spheres/well 
were generated, indicating a clonogenic cell incidence of 1.3% 
(n = 5). Of these secondary spheres. 47.2 ± 10.8% contained 
only GFP* cells (Fig. 3c-d) whereas 30.9 + 6.9% harbored no 
GFP cells. The relative uniformity of GFP expression, or lack 
thereof, among the cells within a given sphere indicated that 
most spheres were clonally derived (P < 0.005 by x 2 analysis). 
This tested the null hypothesis that the spheres arose from 
non-clonal aggregation of two or more cells, each of which was 



equally likely to be GFP* or GFP". When the single spheres were 
plated onto polyornithine and fibronectin and their outgrowth 
assessed two weeks later, all gave rise to both neurons and glia 
(Fig. 3e-g). Because most secondary spheres were likely to have 
been clonally derived, and all included neurons as well as glia 
(38 of 38 spheres; n • 4 samples), single WMPCs must have 
given rise to neurons and glia together. 

We next asked if the neurogenic capacity and multilineage 
competence of WMPCs were maintained with passage. 
Primary spheres were raised serially in b FG F/NT3 /PDG F- AA for 
7 d, DMEM/F12/N1 with 15% serum/PDGF-AA for 4 d, and 
serum-free DMEM/F12/N1 with bFGF for 10 d. Cells were then 
dissociated and replated in bFGF at 3,000 cells/well in a 24- 
well plate. Secondary spheres arose within two weeks from 1.1 
+ 0.3% of these cells (n - 8). After more than two weeks of fur- 
ther expansion, the secondary spheres were plated on polyor- 
nithine and fibronectin and were fixed and immunostained 
two weeks later (seven to nine weeks after sorting). Whereas 
primary spheres consisted of 21.7 ± 4.3% pTll-tubulin* neu- 
rons, 17.7 ± 3.9% glial fibrillary acidic protein (GFAP)* astro- 
cytes and 46.7 ± 5.9% 04* oligodendrocytes (n = 3), secondary 
spheres consisted of 16.0 ± 2.5% neurons, 19.3 ± 3.2% astro- 
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cytes and 46.4 ± 2.4% oligodendrocytes (n • 3). Most of the 
neurons were GABAergic, by virtue of their expression of glu- 
tamic acid decarboxylase-67 (GAD67) (Fig. 4<a-c). Because the 
relative proportions of neurons, oligodendrocytes and astro- 
cytes in secondary spheres were similar to those in primary 
spheres, we concluded that WMPCs retained muttllineage 
competence with expansion. 

WMPC derived neurons become functionally mature 
The calcium responses and membrane currents of WMPC-de- 
rived neurons were assessed to establish their ability to re- 
spond to depolarizing stimuli. Primary spheres (n « 12 fields, 
derived from 3 brains) were plated on fibronectin to permit 
neuronal outgrowth, and assessed 14 d later for their calcium 
responses to depolarizing stimuli. The cultures were then 
loaded with the calcium indicator dye Fluo-3 and serially ex- 
posed to both 100 uM glutamate and 60 mM potassium 
during confocal microscopy. Astrocytic responses to depolar- 
ization were minimal under these culture conditions, as pre- 
viously noted. In conttast, neuron like cells displayed rapid, 
reversible, >100% elevations in cytosolic calcium in response 
to potassium, consistent with the activity of neuronal volt- 
age-gated calcium channels (Fig. 4d-f). The neuronal pheno- 
type of these cells was then validated by immunostaining for 
glll-tubulin. 

We then asked whether WMPC-derived neurons would be 
able to develop the fast sodium currents and action potentials 
characteristic of electrophysiologically competent neurons. 
We used whole-cell patch-clamp recording during current 
stimulation to assess the response of WMPC-derived neurons 
that arose from plated secondary spheres derived from A2BS- 



sorted isolates. A total of 58 WMPC-derived fiber-bearing cells 
were recorded, in S cultures derived from 3 patients. Of these, 
13 showed voltage- activated sodium ion currents </»,) of > 100 
nA, and 7 had In, > 600, compatible with the fast sodium cur- 
rents of neuronal depolarization"-'*. Accordingly, whereas two 
of five cells with I*. > 800 generated stimulus-evoked action 
potentials (Fig. 4g-h), none did so with /»< 800. in addition, 
none of 26 morphologically non-neuronal cells showed sub- 
stantial (2100 pA) current-Induced sodium currents. Together, 
these results indicated that neurons arising from adult human 
WMPCs developed mature electrophysiologic functions, in- 
cluding both fast sodium currents and action potentials. 



WMPCs generated neurons without reprogrammlng 
Glial progenitor cells from the postnatal rat optic nerve can 
generate neurons, under conditions that have been described 
as 'reprogramming' glial progenitors to multilineage compe- 
tence'. In that study, neurogenesis was achieved by first in- 
structing the cells to an intermediary astrocytic lineage using 
either serum or bone morphogenetic protein-2, followed by 
bFGFstimulated mitogenesis. We asked whether such repro- 
grammlng steps are required for the generation of neurons 
from adult human WMPCs, or whether simple expansion 
under minimal conditions in vitro, with the removal of these 
cells from their environment, might be sufficient to permit 
neurogenesis by these cells. Sorted A2B5* cells were cultured in 
several permutations of mitogenic and dlfferentiative condi- 
tions to identify the minimal conditions permissive for lin- 
eage diversification. We compared the phenotypes generated 
under three conditions: (i) bFGF/NT3/PDGF-AA in SFM (com- 
posed of DMEM/F12/N1) for 7 d, followed by 15% FBS/ PDGF- 
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GFP/GFAF/|illl-iubu1in 



Fig. 3 Single lentiviral GFP-tagged 

glia. A2B5- sorted WMPCs were infected with a lentivirus en 
hanced GFP", 5 d after sorting, a and b. Secondary sph. 
quently derived from infected cells harbored either GFP-tagged 
(arrowhead), untagged cells (arrow) or. less commonly, both, c 



ondary sphere 1 week after plating, < 
rons (red) and GFAP - astrocytes (blue) arising from a single clonally de- 
rived GFP" secondary sphere, g. CFP* (green) and 04* (red) 
oligodendrocytes arising Irom a secondary sphere. Scale bars, 100 urn (o 
and fc), 60 Lim (c and d) or 40 (im (e-g). 
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AA for 4 d and SFM wtth bFGF for two 
weeks; (II) bFGF/NT3/PDGFAA in 
SFM continuously for three weeks; 
and (Hi) bFGF alone in SFM for three 
weeks. The first condition was In- 
tended to promote initial differentia- 
tion in serum, whereas the latter two 
groups were designed to skip this glial 
differentiate step 4 . 

The A2B5sorted progenitors 
yielded spheres under each of these 
conditions; however, both the num- 
ber of spheres and the percentage of 
neurons generated by each differed 
as a function of treatment. Cultures 
maintained in base media alone or in 
bFGF-supplemented media had 5.9 ± 
1.7% and 7.2 ± 2.1% BlH-tubulin' 
neurons, respectively (n » 3 patients). 
When matched WMPC-derived 
spheres were sequentially raised in 
bFGF/NT3/PDGF-AA with 1 5% serum 
and bFGF, 18.2 ± 2.2% of the cells 
were fJHI-tubulin* (Fig. So). A similar 
proportion of neurons (22.5 ± 1.9%; 
n m 3) was generated by those neu- 
rospheres maintained in SFM with 
bFGF/NT3/PDGF-AA. Serum expo- 
sure was therefore not required for 
A2B5' cells to generate neurons. 
Indeed, no specific signals seemed 
necessary fot neuronal instruction, 
besides those provided by PDGF and 
NT3. These data indicated that an- 
tecedent astrocytic differentiation was 
not a necessary prerequisite to neuro- 
genesis by adult WMPCs. These cells 
required neither prolonged mitogenic 
expansion, nor specific dedifferentia- 
tion steps, to generate neurons as well 
as glia'. 

Although both PDGF and NT3 pro- 
mote oligodendrocyte production by 
glial progenitors of the rat optic 
nerve 1 "'", each can induce neuronal 
differentiation in less-committed hip- 
pocampal and ventricular zone neural 
progenitors"- 10 . As such, their neuro- 
genic effects on adult WMPCs may re- 
flect the relatively undifferentiated 
state of these cells. 



Only a fraction of A2B5 - cells were clonogenic 
We next assessed the incidence of clonogenic and multipoten- 
tial progenilor cells within the larger pool of A2B5 sorted white- 
matter cells. We first assessed whether either the survival or the 
mitotic competence of adult human WMPCs were dependent on 
density, by assessing the limiting dilution at which clonogenic 
progenitors could be obtained from A2B5-sorted white-matter 
dissociates. A2B5' cells were plated immediately after sorting, at 
densities ranging from 100,000 to 1.000 cells/ml (0.5 ml cell sus- 
pension per well of a 24-well plate), in basaj media supple- 





Fig. 4 WM PC-derived neurons showed functional 
maturation in vitro. o~c. Neurons derived from 
adult human WMPCs had • CABAergk phenotype. 

a. Outgrowth of a WM PC derived neurospbere, 
stained for neuronal pMII-tubulin after 35 d in vitro. 

b, Immun05taining showed that aH 9 neurons In the field were CAD67" and were thus likely to be 
CABAergk. c. DAPI nuclear counterstaining showed the abundance of celb in the field, d-l, WMPC- 
derived neurons developed neuronal Ca* responses to depolarization, d, WMPC-derived celb loaded 
with the calcium indicator dye Fluo-3, 10 d after plating of first-passage spheres derived from A2BS- 
sorted white matter (35 d in vitro total). Many fiber-bearing cells of both neuronal and glial morpholo- 
gies are apparent. I, The same field after exposure to 1 00 (iM glutamate. /. The same field after exposure 
to a depolarizing stimulus of 60 mM KCI. Rapid, reversible, >1 00% elevations in cytosolit calcium oc- 
curred in response to K", consistent with the activity of neuronal voltage-gated calcium channels. Scale 
bar, 80 urn. g and *. Whole-cell patch-clamp experiments detected voltage-gated sodium currents and 
action potentials in WMPC-derived neurons, g. Representative cell, 14 d after plating of first-passage 
sphere derived from A2B5- sorted white matter. The cell was patch clamped In a voltage-clamped con- 
figuration and its responses to current injection were recorded, h, Action potentials (AP) were noted 
after positive current injection, at >800 pA (left tracing). The fast negative deflections noted after de- 
polarization sieps are typical of the voltage-gated sodium currents of mature neurons (right). 



mented with bFGF/NT-3/PDGF-AA. Under these conditions, the 
incidence of clonogenic progenitors was a curvilinear function 
of the sorted cell density (R 1 « 0.978; Fig. Sb). Whereas 1 86 i 7.6 
spheres were generated at a density of 100,000 cells/ml (0.4%; rr 
•* 5 patients), only 6.5 ± 2.7 were noted at 10,000 cells/ml (0.1%) 
and no sphere generation was noted at or below 5,000 cells/ml. 
Thus, the expansion of purified WMPCs was density dependent 
and optimal at 50,000-100,000 cells/ml. Densities higher than 
the optimal range seemed to promote terminal differentiation of 
the progenitors. 
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Fig. 5 WMPCs show density -dependent expansion and neurogenesis, a, WMPCs can generate 
neurons after initial isolation. When A2B5 sorted cells were maintained in b»se medium alone or In 
bFGF-supplemented medium, 5-7% fslll-tubultn/TuJV neuron* were observed In the culture. 
WM PC derived spheres raised continuously in bFGF/MT3/PDCC AA or sequentially in 
bFGF/MT3/PDGF-AA, 15% serum/PDCF-AA and bFCF, gave rise to progressively higher percent- 
ages of neurons (see text). *. f < 0.01 by one-way analysis of variance with Bonfenoni t-test F, 
bFCF; N, NT3; P, FDGFAA; CFBS, characterized fetal bovine serum, fc. Adult human WMPCs show 
density-dependent expansion, such that no sphere formation was observed below a celt density of 
10,000 cells/ml. The incidence of sphere formation was a curvilinear function of cell density (** * 
0.9781). t and rf, Only A2BS-selected cells generated spheres, c. First-passage spheres generated 
from A2BS* cells 2 weeks after sorting, d. A2B5-depleted remainder of A2B5-celti, derived from the 
same source culture as cells in (c), exhibited no evidence of sphere formation 2 weeks after sorting. 




To assess whether donogenic WMPCs were restricted to the 
A2B5* population, we also cultured the A2BS-depleted pool re- 
maining after each sort. A2B5-depIeted cultures did not give rise 
to any passageable neurospheres at any of the cell densities as- 
sessed over the range of 1.000-100,000 cells/ml (Fig. Sd). On the 
basis of these studies, we concluded that only a fraction of 
white-matter A2BS" cells are actually clonogenic and multipo- 
tential progenitors, although all clonogenic WMPCs are A2B5*. 

Adult WMPCs showed limited self-renewal 
We next sought to define the extent to which WMPCs were self- 
renewing by assessing the extent to which WMPC-derived neu- 
rospheres were capable of repetitive passage. Primary spheres 
were raised from three patients at an optimal initial density of 
100,000 cells/ml, under the conditions Identified as most sup- 
portive of multilineage expansion (bFGF/NT3/PDGF-AA in 
DMEM/F12/N1). One month later, the spheres were dissociated 
and replated. Secondary spheres were generated and were re- 
plated one month later at 1 x10-5x 10* cells/ml. These cultures 
gave rise to tertiary spheres over the following month, though 
with less efficiency and a smaller volumetric expansion than sec- 
ondary spheres. Attempts at propagating these spheres as quater- 
nary spheres, after additional dissociation, were generally 
unsuccessful. Given an apparent cell doubling time of 3—4 d 
(data not shown) and monthly passages spanning 8-10 dou- 
blings, we estimated that the tertiary spheres assessed one 
month after the last passage underwent a minimum of 16-24 
and no more than 30 doublings. This is well below the number 
of doublings of which tissue-derived stem cells are typically 
thought capable. 

Our inability to successfully passage these cells beyond 16-24 
doublings called into question their ability to self-replicate for 
extended periods of time in vitro. Their limited replicative com- 
petence contrasted with that of neural progenitors sorted from 
the fetal human ventricular zone, which may be readily pas- 
saged for >60 doublings under analogous culture conditions' 1 . 



Such self-renewal capacity has been ascribed to sustained telom- 
erase activity in a number of developing systems, including the 
fetaJ human forebrain"- 0 . To assess whether the apparently fi- 
nite proliferative potential of adult human WMPCs reflected « 
lack of telomerase activity, telomerase levels were assessed using 
the telomerase reverse transcriptase activity protocol (TRAP) 
assay 0 *. We did not detect any telomerase activity in primary or 
secondary WMPC-derived spheres, despite high-level activity in 
a variety of positive controls (see Supplementary Fig. 1 online). 
Their lack of extended replicative potential, coupled with their 
lack of telomerase activity, suggests that adult WMPCs might 
constitute a pool of multipotential progenitors with a finite 
capacity for mitotic expansion, transitional between tissue- 
restricted stem cells and phenotypically committed progenitors. 

WMPCs produced neurons and glia after fetal xenograft 
We next assessed whether WMPCs were multipotential in vfvo as 
well as in vitro by evaluating their fate after engraftment to em- 
bryonic stage (E)17 fetal rat brains. Some A2B5-sorted cells were 
transplanted 24-48 h after sorting to assess their lineage poten- 
tial upon initial isolation. These cells were maintained only in 
SFM during the period between isolation and xenograft and were 
never exposed to any exogenous growth factors. Other cells were 
transplanted 10 d after sorting, after maintenance in 
bFGF/NT3/PDGF-AA for 4 d and 15% serum/PDGF-AA followed 
by bFGF, for 3 days each. AH donor cells were administered into 
El 7 rat embryos by intraventricular injection at 10 5 cells/animal. 
The recipients were killed and fixed four weeks after birth to 
evaluate the fate of the implanted human cells. Human donor 
cells were identified by immunolabeling of brain sections for 
human nuclear antigen (HNA). 

In rats implanted with propagated WMPCs (Fig. 6) and their 
counterparts injected with acutely isolated WMPCs (see 
Supplementary Fig. 2 online), donor-derived migrants co-ex- 
pressing HNA with either nestin or doublecortin 25 were found in 
the host olfactory subpendyma and hippocampus (Fig. 6o and 
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b). In addition, abundant populations of 
HNA- piH-rubulin* neurons were found In 
the olfactory subependyma and rostral mi- 
gratory stream as well as in the hlppocam- 
pal alvlus (Fig. 6e). WMPC-derlved neurons 
were also observed In the neostriatum, Indi- 
cating striatal neuronal differentiation on 
the part of some xenograft ed WMPCs (Fig. 
6f). These data showed that engrafted adult 
human WMPCs could integrate into the 
forebrain subventricular zone as neuronal 
progenitor cells that then gave rise to both 
granule and striatal neurons. Human 
WMPC-derlved GFAP* astrocytes and CNP* 
oligodendrocytes were also common in re- 
cipient brains and were found primarily 
along the ventricles or in the subcortical 
white matter (Fig. 6c and d). Thus, adult 
human WMPCs showed context-dependent 
differentiation after xenograft to the devel- 
oping rat brain and were competent to do so 
upon acute isolation, without the benefit of 
humoral instruction in vitro. 

Discussion 

These observations suggest that the WMPCs 
of the adult human forebrain include multi- 
potential progenitor cells, capable of a finite 
and limited degree of expansion and self-re- 
newal. These cells remain competent to re- 
spond to local instructive cues, with a wide 
range of lineage choices, upon xenograft as 
well as in vitro. They are readily able to give 
rise to neurons and glia once they are re- 
moved from their native white-matter envi- 
ronment. The freshly isolated adult WMPCs 
in our study did not require prolonged ex- 
pansion to undergo neurogenesis in vitro, 
and seemed immediately competent to gen- 
erate neurons upon xenograft to the develop- 
ing brain. 

Previous studies of the adult rat brain have 
identified parenchymal progenitor cells that 
are able to give rise to neurons and glia after 
a number of cell doublings, in the presence 
of bFGF\ In addition, nominally committed 
glial progenitor cells derived from the neona- 
tal rat optic nerve have also been reported to 
give rise to neurons and oligodendrocytes 4 . 
The lineage diversification of these cells 
seems to require a Immorally directed repro- 
gramming of their phenotype, with the in- 
duction of an astrocytic intermediary on the 
way to neurogenesis. In the present study, 
adult human WMPCs did not seem to require 
any such reprogramming or transdifferentia- 
tion to achieve multllineage competence. 
Similarly, they did not seem to pass through 
an intermediate astrocytic stage before gener- 
ating neurons, oligodendrocytes and astro- 
cytes. Indeed, after their acute isolation and 
xenograft, A2B5-defined WMPCs were able to 
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K ,. tl ,. ia „. «,» major neural phc-notypes in vivo and in vitro, without 
any exogenous growth Urtoi exposure. Nevertheless, because an 
average of 7* of A2R5 sorted white-matter cells to-expressed 
t if AF (data not shown), it is possible that some WMl'Cs exhibit 
astroglial features at some poinl during their ontogeny, much 
like snbventrkulat neural progenitor tells'"". This categoriza- 
tion notwithstanding, our results suggest that the WMl'Cs of the 
adult human brain are fundamentally tissue spec ifk progenitor 
tells that ate tomcally resinned 10 glial lineage by the local 
parenchymal environment, and do not require specifk pheno- 
typic irprogian.ming for neuronal differentiation. 

These data suggest that adult human WMl'Cs constitute a 
jK.jHilation of parenchymal glial progenitor cells whose in situ 
Sale is restricted by the local white matter environment. Yet the 
progenitor cell pool of the adult white matter may I* heteroge- 
neous and it is not clear whether all WMK.s have the same on- 
togeny or fate potential 2 " *. A minority of multipotential 
pioeermor crib might still persist among a larger pool of mote 
fundamentally lineage-resumed glial progenitors*. These 
parenchymal multipoint progenitors may constitute a tela- 
tisely rare subpopulation, more akin to persistent stem cells 
than to any lineage-restricted derivatives 1 '- 52 . In this regard, al- 
though we did not detect lelomerase activity in sorted WMlis, 
d the clonogenic portion of these represents only a small frat- 
t.on of the total progenitor pool, then their numbers might have 
teen btlow the detection threshold of our TRAP assay. Further 



popuiatic 
phenotyj 
cell types 



„« ,„„,ngeneity of the white-matter progenitor cell 
m, and of the linea B e competence of its constituent 
.ei, will be needed to define the speccniiri of progenitor 
in the adult brain. These considerations aside, multi- 
and neurogenic progenitors are abundant in the adult 
,,„„ „h)te matter and are both extractable and expandable, 
•se cells may prove to be irniwtant agents lor both induction 
[ implantation strategies ol cell-based neurological therapy. 
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OLIGODENDROCYTE PROGENITOR CELLS 
OF TH E ADULT MAMMALIAN B RAIN 

Neural Progenitor Cells of the Adult Brain 

Over the past few decades, historic notions of the structural immutability and cellular 
constancy of the adult vertebrate brain have been largely dispelled. Neurogenesis was first 
demonstrated in the rodent olfactory bulb and the hippocampus (Altman and Das, 1965, 
1966; Kaplan and Hinds, 1977; Kaplan, 1985) and the songbird vocal control centers 
(Goldman and Nottebohm, 1983; Nottebohm, 1985). The phenomenon of adult neuro- 
genesis has now been described throughout vertebrate phylogeny (Goldman, 1998), in- 
cluding monkeys (Gould et al. 1998) and humans (Eriksson et al, 1998; Kirschcnbaum et 
al, 1994; Pincu's et al, 1998). In all species yet examined, newly generated neurons seem to 
be generated from multipotcntial stem cells, the principal source of which appears to be the 
periventricular subependyma (SVZ) (Goldman et al, 1993; Lois and Alvarez-Buylla, 
1993). In addition, restricted pools of mitotically competent but phenoiypicaUy biased 
neuronal progenitor cells appear to derive from these stem cell populations. These neu- 
ronally restricted pools include the anterior sub ventricular zone of the forebrain and its 
rostral extension through the olfactory subependyma, as well as the subgranular zone of 
the hippocampus, each of which give rise almost exclusively to neurons in vivo. However, 
persistent multipotcntial stem cells have been reported in cultures derived from each of 
these regions (Gage ei al, 1998), suggesting that the apparent neuronal restriction of these 
progenitor populations may reflect not the inherent lineage capacity of the cells, so much as 
local environmental signals biasing toward neuronal differentiation (Seabcrg and van der 
Kooy, 2002). 

Besides these persistent neuronal progenitors and multipotential neural stem cells, 
more restricted lineages of glial progenitor cells also persist in the adult brain, in both 
the residual ventricular zone (Levison and Goldman, 1993; Luskin, 1993), as well as 
dispersed throughout the subcortical and cortical parenchyma (Gensert and Goldman, 
1996; Lcvine et al, 2001; Noble, 199 ; Reynolds and Hardy, 1997). Indeed, in contrast to 
the restricted distribution of neuronal progenitor cells and SVZ stem cells, oligodendrocyte 
progenitor cells (OPCs) seem to be extraordinarily widespread in the adult mammalian 
brain. 
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Oligodendrocyte Progenitors of the Normal Adult Rodent Brain 
The principal class of OPCs in adult rodents is a bipotential astrocyte-oligodendrocyte 
piogenitor cell designated the 0-2A piogeniior, by vinue of its generation in vitro of 
oligodendrocytes and type 2 astrocytes, the latter comprising the traditionally recognized 
fibrous astrocytes of the white matter. These cells were initially isolated from the optic 
nerves of perinatal rats, as 0-2A progenitors (Rafter al., 1983b). In neonatal rats, OPCs are 
charac terized by expression of the GD3 and GO gangliosides, the latter recognized by the 
monoclonal antibody A2B5. which has been used to identify this cell population (Noble et 
al., 1992). Though similar progenitors were long ago reported in the adult optic nerve 
(Vaughn, 1969), the isolation of adult OPCs, or 0-2A AM ' progenitors, was only accom- 
plished relatively recently in rodents (Ffrench-Constant and Raff, 1986; Wolswijk and 
Noble, 1989). These cells have since been isolated from the adult rat ventricular zone, 
spinal cord, cerebellum, and subcortical white matter (Engel and Wolswijk, 1996; Gensert 
and Goldman, 1996; Levine et al., 1993). 
Antigenic Recognition of Adult OPCs 

Little is known about the natural history of the adult OPC in normal adults. Id histological 
sections of the adult rodent brain, OPCs have mainly been identified by their expression of 
both NG2 chondioitin sulfate proteoglycan (Levine et ai, 1993; Nishiyama et al., 1997) ■ 
and the platelet derived growth factor-alpha receptor (PDGF-aR). The expression of 
PDGF-aR and the NG2 epitope substantially overlaps in rats (Nishiyama et al., 1996; 
Pringle ei ul, 1992). Moreover, a persistent population of 04/NG2 co-expressing cells has 
been demonstrated in the adult rat cerebral cortex, effectively bridging the antigenic gap 
between early and committed OPCs (Reynolds and Hardy, 1997). On the basis of these 
studies, NG2-immunoreactivity has been developed as a surrogate marker for parenchy- 
ma! oligodendrocyte progenitor cells. In addition, adult-derived OPCs have several fea- 
tures that may allow them to be distinguished: Whereas the perinatal OPC utilizes vimentin 
as an intemcdiate filament and does not express the oligodendrocyte sulfatide recognized 
by Mab 04, its adult counterpart does not express vimentin, but does express 04 (Shi et al., 
1998; Wolswijk and Noble, 1989; Wolswijk et al., 1991). These parenchymal OPCs are 
present in both gray and white matter, and exist in vivo as extensively branched cells. The 
NG2 population represents as many as 5-8% of all the cells in the adult rodent brain 
(Dawson et al., 2000); this is congruent with earlier estimates that 5% of all glia in the optic 
nerve may be progenitors (Vaughn and Peters, 1968). 
Turnover 

OPCs in the adult brain may include both slowly dividing cells in normal parenchyma and 
a quiescent cell population that responds only to injury or dcmyelination. In vivo studies of 
the adult cerebellar cortex reveal the presence of slowly dividing OPCs with a mitotic index 
of 0.2 to 0.3% (Levine et al., 1993). Nevertheless, OPCs seem to constitute the main cycling 
population of the adult brain parenchyma. Bromodeoxyuridine (BrdU) labeling of the 
intact spinal cords of 13- to 14-week-old rats has shown that 10% of all cells in the white 
matter incorporated BrdU, of which 70% expressed NG2. In animals maintained for 
4 weeks after BrdU injection, BrdU-labeled astrocytes and oligodendrocytes were noted, 
indicating that the cycling NG2 cells would have generated both cell lypes (Homer et al., 
2000). In studies using retroviral labeling to mark dividing cells, 35% of the cycling cells in 
the adult cortex co-labeled with NG2, and these were distinctly present as clusters. 
Furthermore, these NG2-positive clusters doubled in size every 3 months (Levison et al., 
1999). Using similar retroviral labeling techniques, the presence of cycling cells that 
prefeicntially give rise to oligodendrocytes has been shown in both the subventricular 
zone (SVZ) and subcortical white matter of adult rats (Gensert and Goldman, 1996; 
Levison and Goldman, 1993). 

Lineage Potential 

Previous studies had concluded that the perinatal OPC has a limited life span in vivo, which 
was attributed to a pattern of "exhaustive'" symmetrica! division and differentiation in 



oliKodendioevfes (Temple and Raff, 1986). Yd OPCs now appear to be maintained 
ihrouchout liVe This suggests that at least a fraction of OPCs may ansc through a seff- 
.enewiiw asymmetrical divisions, such that OPCs generate both differentiated progeny 
■,nd themselves (Wren et al., 1992). Indeed, adult OPCs of both rodents and humans retain 
',i,eu ability to generate oligodendrocytes and astrocytes over several generations in vitro 

^Tt^ems'lS'that perinatal OPCs are the source of adult OPCs. Using time-lapse 
m.crocincma.ngraphy, it has been shown that "founder cells" exhibiting P™pcrtK» of 
perinatal OPCs eventually give rise to cells with the properties of adult OPCs (Wren et 
,d IW) As noted, just as rcpet.live passage of perinatal OPCs gives rise to cells w,th 
adult OPT -like properties (Wolswijk el al., 1990), slowly dividing adult OPCs can respond 
k> FGF and PDGF by assuming the more rapid expansion kinetics typical of perinatal 
OPCs Toeether these data argue that perinatal and aduit OPCs constitute two points 
■done' the 'differentiation spectrum of a common lineage. Nonetheless, diversification 
w.thin that lineage may nonetheless have resulted in substantial phenotypic heterogeneity 
among adult OPCs (Oenscrt and Goldman, 2001). 
Humoral Control of Oligimeogenesis 

Adult and c«i Hiatal OPCs share many commonalities in their responses to humoral I growth 
factors hut nonetheless exhibit differential responses to both neural mitogens and diiler- 
entiation agents. These include, but are by no means limited to, the following: 

i rivulet derived growth factor. PDGF is perhaps the most prominent described 
olieotiophin and has been implicated in both the mitotic expansion of OPCs and their 
mitntion of terniinal lineage commitment (Hart el al., 1989a; Noble et al., 1988; Raff « al., 
19S8 Wolswijk et al., 1991). OPCs uniquely «press high levels of PDGFa receptor and 
can be , P «:if,callv identified on that basis (Ellison and de Vellis, 1994; Frutt.ger etal., 1999; 
Hart « al, 1989b). In response to PDGF, both perinatal and adult OPCs enter ^ mitotic 
evele However cycling time differs in the two cell populations, m that adult OPCs 
have a slow v' to 4-day cell cycle, whereas perinatal OPCs divide daily (Noble et al., 
1988C (Wolswijk et al.. 1991). In OPCs derived from the adult spinal cord. PDGF 
alone' Supports the s.ow mitotic expansion of OPCs, as the cells divide s.owly 
and undergo asymmetrical division, generating a differentiated oligodendrocyte and 
another progenitor (Engel and Wolswijk, 1996). However, in the presence of PDGF and 
FGF adult OPCs accelerate their cycle progression, dividing rapidly and apparently 
symmetrically to yield additional progenitors. They then assume the bipolar morphology 
and A">B5 immunoi cacti wiry of oligodendrocyte progenitor cells, but fail to generate 
oligodendrocytes without downstream inductive differentiation. As a corollary l" * ■- 
"perinatalization' 



of adult-derived OPCs, cultures of perinatal OPCs expanded c 



lor* periods of time in the presence of PDGF alone develop the cyclicitv of adult OPCs 
(Tang et al., 2000). These results suggest that in rodents at least, pennatsUand^ adult- 
derived OPCs icpicsent points o ~'~ ~.u„ 

phenotypes 

2. Fibroblast growth factor. 1 _- „ - , , . 

cntiation <n culture and modulates gene expression of its own receptors in a developmental 
and receptor type-specific manner (Bansal et al., 1996). Most in Wrro studies show that 
bFGF is a maior mitogen for cells in the oligodendrocyte lineage (Besr.ard et al., 1989; 
Fisenbarth et al 1979)."lt has been shown to stimulate the proliferation of late progenitors 
and inhibit their terminal differentiation (Bansal and Pfeiffer, 1994; McKmnon el al 
1"90) More important, it establishes the responsiveness to PDGF by up-rcguiating the 
expression of PDGF-aR (McKinnon et al., 1990). Most studies with adult OPCs show that 
bFGF :s most mitogemc when used in combination with PDGF (Mason and Goldman, 
■W Ta-g et al ~000). Recently it has been shown that OPCs maintained in the presence 
of bFGF 'eventually become resistant to replicative senescence (T ang et al., 2001). Besides 
its well documented effect cn OPCs, bFGF also induces the down-regulation of myelin 
genes <uch as myelin basic protein (MBP), in mature oligodendrocytes without reverting 
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them to the progenitor phenotype or effecting reentry into the celJ cycle (Bansal and 
Pfeiffer. 1997; Grinspan */ al., 1993). 

3. Neurotrophin-3 (NT3). Whether NT3 has proliferative or differentiative. effect on 
OPCs is yet unresolved. One study indicated that NT3, specifically iD combination with 
PDGF, is proliferative for post-natal OPC* both in vitro and in viw (Barres et al., 1994b). 
Other studies, however, found that NT3 is not proliferative for adult OPCs alone or in 
combination with PDGF and bFGF (Engel and Wolswijk. 19%; Ibarrola et al., 1996). 
Perhaps this differential response may' be a function of the different OPC-types that have 
been used for the two studies. In the contused adult spinal cord, NT3 has been shown to 
increase OPC proliferation and myelination (McTigue et al., 1998). A recent in vitro study 
with OPCs from adult spinal cord dissociates indicates that NT3 induced myelination and 
the proliferation of O4+/01 -cells (Van and Wood, 2000). 

4. NeureguUn. The neuregulins are a family of soluble and transmembrane protein 
isoforms, of which glial growth factor 2 (GGF2) is a member (Adlkofer, 2000). 
The neuregulins act upon erbB receptors, in particular on the erbB2, 3, and 4 heterodimeric 
receptors (Buonanno and Fischbach, 2001). Perinatal OPCs divide in response to GGF 
provided cAMP levels are high, so that adenyl cyclasae and erbB stimulation may operate 
synergistically as glial progenitor mitogens (Shi */ al., 1998). Canoll et al. observed a 
similar proliferative effect on 04"V01" progenitors (Canoll et al., 1996). Adult OPCs 
respond to GGF2 as well, although their mitogenic activation by GGF2 appears to require 
the concurrent activation of the PDGF receptor, along with elevated cAMP. An interesting 
feature of neuregulins includes their induction of phenotypic reversion by differentiated 
oligodendrocytes (Canoll */ al., 1999). OPCs produce neuregulins (Raabe et al., 1997) as 
well as respond to it (Shi et al, 1998). Since they express full-length neuregulin erbB 
receptors, OPCs may utilize neuregulins as an autocrine factor, as well as a neuronally 
derived oligotrophy (Fernandez et al, 2000). This is likely to obtain in the environment of 
the adult human white matter, from which oligodendrocytes have similarly been shown to 
produce neuregulins and express receptors to them (Cannella et al., 1999; Deadwyler et al., 
2000). 

5. Triiodothyronine. When OPCs derived from optk nerves or cerebral hemispheres are 
cultured in the presence of T3, they immediately stop dividing and differentiate into 
oligodendrocytes. In fact, the number of times an OPC can divide varies inversely with 
its concentration of T3, implicating T3 as an oligodendrocyte differentiation factor (Baas 
et al, 1997). T3 seems to play a major role in controlling the timing of OPC differentiation 
(Barres et al., 1994a). Accordingly, hypothyroid states have been associated with deficits in 
early myelination in neonatal cretinism, which may reflect a failure in T3-mediated OPC 
expansion. 

6. Insulin growth factor-1 (IGF-1). During development, high levels of 1GF1 are ob- 
served just before active myelination commences (Bach et al., 1991; Carson et al., 1993). 
IGF-1 increases proliferation and survival, enhance differentiation, and modulate the 
expression of MBP in both OPCs and oligodendrocytes (Barres et al., 1992; McMorris 
and Dubois-Dalcq, 1988; Saneto et al., 1988). 

Oligodendrocyte Progenitors of the Adult Human Brain 

The earliest evidence that the adult human brain harbors oligodendrocyte progenitors 
came from early studies of MS lesions. Histopathologically, these lesions were found to 
harbor regions of extensively remyelinated axons, as well as numerous free oligodendro- 
cytes (Moore et al., 1985; Prineas and Connell, 1979; Prineas et al., 1984). Subsequent 
studies identified populations of immature cells expressing the neural carbohydrate epitope 
HNK1; these were postulated to comprise early oligodendroglia, although these early 
studies were unable to identify any definitive oligodendrocyte progenitor cell phenotype 
(Prineas et a!., 1989; Wu and Raine, 1992). 

PDGF-aR expressing OPCs have been shown in both MS lesions and surrounding 
normal white matter (Scolding et al., 1 998). These PDGF-aR' 1 ' cells were found to be more 



frequent m ot near MS lesions compared to normal surrounding white matter (WM), and 
those near lesions were more often cycling, as levcaled by :mmunoreaciivity for Ki67. a 
marker of proliferation ( Macda et at., 2001). Corroborating these observations with another 
marker of phenotvpe. the NG2 chondroiiin sulfate proteoglycan was demonstrated in both 
normal adult human WM and MS Unions. As in their rodent counterparts, human NG2 + 
v t-Us were found to be extensively minified. Cells morphologically similar to NG2 + cells 
were reported to express PPGF-sR as well, although co-expression of the two by a 
common phrnotype has yet to be directly demonstrated. 

Prcmveiinating oligodendrocytes defined by their expression of proteolipid protein 
(PI P), and their contiguity with axons despite an absence of attendant ensheathment — 
have also been shown in such MS lesions (Chang et al., 2002). Interestingly, NG2* cells are 
virtually absent from lesions lacking prcmyeiinating oligodendrocytes. This suggests that 
NG2 * cells might be the source of these prcmyeiinating oligodendrocytes. However, the 
NG2 chondioilin sulfate may not be specific to OPCs in the adult human brain, as 
microglial cells express or sequester high levels of NG2-IR (Pouly et a! , 1999; also 
Nunes, Roy. and Goldman, unpublished observations). Indeed, in dissociates of both 
fetal and adult human brain tissue, most NG2 ' ceils were microglial {Pouly et al., 1999). 
To establish a more reliable marker of OPCs in adult human tissues. Scolding et al. thus 
assessed the phenotypic specificity of two cardinal markers of OPC phenotype in rodents, 
specifically the PDGF a receptor and the A2B5 epitope represented by the GO ganglioside. 
By scoring the incidence of both PDGF-aR + and A2B5" 1 cells in tissue print preparations 
of adult human white matter. Scolding and colleagues determined that these markers 
rccogni7e a common parenchymal progenitor cell population. On this basis, they were 
able to report the first estimates of the incidence of oligodendrocyte progenitor cells in the 
human while matter (Scolding et al., J 999). 

Despite this wealth of histological assessment of parenchymal progenitor cells, relatively 
few studies have yet correlated the antigenic expression patterns of single parenchymal 
phototypes with their lineage potential, either in vivo or in vitro. As a result, it remains 
unclear if the expression or markers such us GD3, NG2, A2B5, or PDGF-aR is specific to 
adult OPCs, or whether it instead is shared among different, already discrete lineages at 
similarly early points in their phenotypic specification. The uncertain lineage potential of 
histologically antigen-defined oligodendrocyte progenitor cells has derived in part from an 
historic inability to identify or isolate these cells from human brain tissues. An early 
attempt to identify ol:godcndrocytc progenitors in dissociates of adult human brain 
(Kim et al., 1983) was followed by successful in vitro and in vivo demonstrations of 
immature oligodendroglia. which were termed pro-oligodendrocytes because of their 
post-milotic state. These ceils were defined as being 04*/A2B57GalC (Armstrong el al., 
1992). Pro-oligodendrocytes were further characterized and found to express the PDGF- 
aR in tissue, where they were estimated to constitute 2% of the total cell population 
(Gogate el al., 1 994). Subsequent studies of the adult human white matter in vitro revealed 
the presence of mitotic cells that could give rise to oligodendrocytes, though the identity of 
the precursor remained unclear (Roy et al, 1999; Scolding et al., 1995);. 

Humoral Control of Aduit Human Oligodendrocyte Progenitor Cells 
Human and rodent OPCs differ not only in their antigenic expression patterns, as noted, 
but also as in their responses to humoral growth factors. Adult human OPCs do not 
proliferate in response to bFGF, PDGF. or IGF- 1, each of which can act singly as a 
mitogen for rodent OPCs (Armstrong et al., 1992; Gogate et al., 1994; Prabhakar et al., 
1995). Instead, in human OPCs, IGF- 1 has been shown to increase the proportion of post- 
mitotic pro-oligodendrocytes and to promote the maturation of these cells as oligodendro- 
cytes (Armstrong et al., 1992). Human OPCs also seem to be mitotically unresponsive to 
astrocyte conditioned medium (Armstrong et al., 1992; Gogate et al., 1994; Prabhakar ei 
al., 1995; Scolding et al.. 1995). As noted previously, neuregulin supports the expansion of 
OPCs and is released by neurons m an activity-dependent manner that might allow the 
activity-dependent modulation of OPC expansion (Canoll et al., 1996). However, these 



observations have yet to he vended as operative in human OPCs. Indeed, little data arc 
available on the factor icsponsivencss of human OK\ despite the overt clinical import- 
ance of establishing the optimal expansion and differentiation conditions for these cells. 
Rather, the study of their growth factor responsiveness, patterns of receptor expression, 
;ind likely paracrine interactions with other parenchymal cell populations have been 
impeded by the inability to identify and isolate OPCs from the adult human brain, and 
hence the lack of material for molecular and cellular analysis. 

Isolation of Adult Human Oligodendrocyte Progenitor Cells 

To address the need for isolating enriched populations of adult OPCs, we used piornoter- 
specified fluorescent activated cell sorting (FACS) to identify and extract these cells from 
adult human brain tissue. Traditionally, FACS has been used to sort live cells on the basis 
of surface antigen expression, particularly in the hematopoetic system, in which FACS has 
been used to define and isolate the major slcm eel! and intei mediate progenitor phenotyncs 
generated during lymphopoesis and hemalopoicsis. However, the application of FACS to 
the nervous system was stymied by the Jack of identified surface antigens specific to stage 
or phenotype among neural cells. Ye! in 1994, the green fluorescence protein was first 
identified as a live cell reporter of gent expression (Chalfje el al., 1994). By placing GFP 
under the transcriptional control of promoters regulaiing the expression of cell-specific 
genes, we were able target specific cell pheriotypes for FACS isolation. We first applied this 
approach to extracting neuronal progenitor cells from the fetal ventricular zone (Wang el 
al.. 1998), by transducing ventricular zone cells with GFP placed under the control of the 
Tod tubulin promoter, an early neuronal regulatory sequence (Gloster el al., 1994; Miller 
i t al.. 1987, 1989). This approach has since allowed us lo isolate neuronal progenitor cells 
imm both the adult human ventricular zone (VZ) and hippocampus (Roy el al., 2000a, 
2000b). In addition, by modifying our choice of promoters to those specifically active in 
r\en earlier neural progenitors, we were able to isolate less committed neural stem cells 
from both the adult and fetal human brain (Keyoung ft al.. 2001; Roy el al., 2000a, 2000b). 

The development of promoter- based FACS gave use the means to identify and then 
isolate oligodendtocyte progenitor cells from the adult human brain (Fig. 10.1). To this 
end. we used the early promoter for ati early oligodendrocyte protein, 2',3'-cyclic nucleotide 
3 '-phosphodiesterase (CNP) (Schcrer ei al., 1994; Vogel and Thompson, 1988). CNP 
protein is the earliest myelin- associated protein known to be expressed in developing 
oligodendrocytes. It is expressed by oligodendrocytes at all ontogenetic stages (Sprinkle, 
1989; Weissharth et al., 1981), including by newly generated cells of oligodendrocyte 
lineage within the subventricular zone and their mitotic precursors (Scherer ei al., 1994; 
Yu et at., 1994). The 5' regulatory region of the CNP gene includes two distinct promoters, 
P2 and PI, which encode for two CNP iscforms, CNP1 (46kDA) and CNP2 (48 kDa). 
These promoters are sequentially activated during development, with the more upstream 
P2 ptomoter (P/CNP2) directing transcription to immature oligodendrocytes and their 
progenitors (Gravel el al., 1998; O'Neill ct al., 1997). On this basis, P/CNP2 was chosen to 
identify oligodendrocyte progenitors from adult human subcortical white matter (Roy et 
al., 1999). P/CNP2:hGFP was transfected into dissociate of adult human white matter, and 
following GFP expression 3 to 4 days later, the P'CSV2:CFP* cells were isolated by FACS 
(Roy et al., 1999). These cells, maintained in scrum- deficient media supplemented with 
FGF2. PDGF, and NT-3, were bipolar, i mm u nor cacti ve for A2B5, incorporated 
BrdU from their culture media, and developed into 04* oligodendrocyte in vitro 
(Fig. 10.2). These data indicated that the P/CNP2:hGFP-dcfined cells were mitotic oligo- 
dendrocyte progenitors. On this basis, P/CNP2:hGFP"" oligodendrocyte progenitors were 
extracted directly from dult human WM dissociates using FACS. We found that an 
average of 0.5 ± 0.1% of all white matter cells directed P/CNP2;hGFP expression. 
Given a transfection efficiency of 13.5%, determined using the percentage of GFP express- 
ing cells obtained with p.'CM"V GFP for nonce!! type specific transfection, it could be 
estimated that over 4% of adult human subcortical WM are P/CNP2 -defined progenitors. 
Immediately after FACS, these P/CNP2:hGFP-separated cells were initially bipolar, and 
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FIGURE J0.1 

Oligodendrocyte progenitor cells nay be specifically targeted and isolated from the white matter. This schematic 
outlines basic strategies foTlsoiatinE oligodendrocyte progenitor ecHs from the adult while matter, using either 
fluorescence-activated ceD sorting (FACS) or a higher-yield, less specific alternative immunomagiieuc isolation 
(MACS). 



expressed the early oligodendrocytic marker A2B5, but none of the differentiated markers 
04, Ol, or galactocerebroside; over half incorporated BrdU. When followed up to a 
month in culture, >80% of the PCNP2:hGFP J " cells become oligodendrocytes, progressing 
through a succession of A2B5, 04, and galactocerebroside expression, recapitulating the 
developmental sequence of antigenic expression (Noble, 1997). Thus, with this strategy not 
only was the existence of oligodendrocyte progenitors established in adult human white 
matter, but a method was developed to separate the progenitors in a form appropriate for 
engraftment and further analysis. 
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FIGURE 10.2 

Sorted human white matter progenitor cells typically mature as oligodendrocytes. (A-B) A representative sort of a 
human white matter sample, derived from the frontal lobe of a 42-year-old woman during repair of an intracranial 
aneurysm. This plot shows 50,000 cells (sorting events) with their GFP fluorescence intensity plotted against 
forward scatter (a measure of cell site). Part A indicates the son obtained from a nonfluorescent P/hCNP2:/acZ- 
transfected control, while pari B indicates the corresponding result from a matched culture Uninfected with VI 
hCNP2:hCFP. (C-D) A bipolar «Br/BrdlT ceU. 4g hours after FACS. (1-F) By 3 weeks post-FACS. P/ 
CNP2:bGFP-sorted cells developed multipolar morphologies and expressed oligodendrocyte 04 (red). These cells 
often incorporated BrdU, indicating their in titro origin from replicating A2B5* cells, (G-I) Matched phase <G, 1) 
end immunofluorescent (H, J) images of maturing oligodendrocytes, 4 weeks after P/CNP2:hGFP-based FACS. 
These cells expressed both CNP protein (H) and galaetocerebroside (J), indicating their maturation as oligo- 
dendrocytes. Scale bar - 20um. Taken from Roy ti aJ„ 1999; with permission. 



Antigenicity of Oligodendrocyte Precursor Cells 

As described earlier, virtually all P/CNP2:hGP-defined OPCs are immunoreactive for A2B5 
(Roy et al., 1999). This permitted us to use A2B5-based sorting to increase the yield of 
isolated progenitors, to numbers sufficient for experimental transplantation. Although both 
immature neurons and glia express A2B5-immunoreactivity during development (Aloisi el 
al., 1992; Eisenbarth el al., 1979; Lee et al., 1992), the adult subcortical parenchyma is 
relatively devoid of young neurons, allowing A2B5 to be used as a selective marker of glial 
and oligodendrocyte progenitor cells (Raff et al., 1983a; Satoh et al., 1996; Scolding et al., 
1999). The specific use of A2B5 as an antigenic surrogate for P/CNP2:hGFP-defined OPCs 
has thus constituted a significant practical advance. By extracting OPCs via A2B5-based 
surface-antigen based sorting, the limitations of transfection-based tagging, which include 
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direct cytotoxicity as well as low efficiency, can be avoided entirely. As a result, the practical 
issue of acquiring sufficient numbers of viable OPCs to permit transcriptional and biochem- 
ical analysis, as well as engraftment studies, can now be effectively addressed. 

Multipotential Progenitors of the Adult Human White Matter 

Like their lower species counterparts, human OPCs may not be strictly dedicated or 
autonomously programmed to oligodendrocytk differentiation. When purified from 
adult human subcortical tissue, derived from surgically resected temporal lobe, white 
matter progenitor cells (WMPCs) give rise largely to oligodendrocytes. However, when 
grown under conditions of very low density, we noted that these cells also generate 
occasional neurons (Roy et al.. 1999). On this basis, we asked whether the white matter 
progenitor cells of the adult human brain might actually constitute a type of multipotential 
neural progenitor or neural stem cell. We found that white matter progenitor cells, purified 
by FACS from the adult human brain, can indeed generate neurons as well as both major 
glial cell types— astrocytes and oligodendrocytes— when raised in culture under conditions 
of high purity and low density (Nunes et al., 2003). Under these conditions, the cells are 
effectively removed from other cells, as well as from the proteins that other cells may 
secrete. Under these conditions, the sorted progenitor cells divide and expand as multi- 
potential clones that generate neurons as readily as oligodendrocytes (Fig. 10.3). They can 
continue to divide and expand for several months in culture, dividing to increase their 




FIGURE 10 J 

Adult human WMPCs give rise io multipotential neurospberet. (A) First-passage spheres generated from A2B5- 
sorted cell* 2 weeks post-sort. (B) First-passage spheres arising from P/CNP2:hGFP sorted cells, 2 weeks. 
(O Second- passage sphere derived from an A2B5-sorted sample, at 3 week*. (D) Once plated onto substrate, the 
primary spheres differentiated as pni-tuouUn"* neurons (red), GFAP* astrocytes (blue), and 04* oligodendrocytes 
(green). (E) Neurons fred), astrocytes (bhie), and oligodendrocytes (green) similarly arose from spheres derived from 
P/CNP2:GFP-sorted WMPCs. (F-H) BrdU incorporation (blue) revealed that new neurons (F: Blll-iubulin in red; 
G; MAP2 in red) and oligodendrocytes (H: 04 in green) were both generated m vitro. (1) gHI-tubuhV neurons 
(green) co-expressed neuronal Hu protein (Barami et al., 1995; Marusich et al., 1994) (red. yielding: yellow double- 
label). Nuclei counterstained with DAPJ (blue). From Nunes et al. (20O3). Scale; A-E. 1 00 urn: F-l, 24 v m. 
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numbers in the process. Moreover, upon xenograft to the developing fetal rat forebrain, 
aduJt human WMPCs can mature into neurons as well as oligodendrocytes and astrocytes 
in vivo, in a region- and context-dependent manner (Fig. 10.4). The nominally glial 
progenitor cell of the adult human white matter thus appears to constitute a multipotential 
neural progenitor. These cells appear to be typically restricted by their local brain environ- 
ment to produce only oligodendrocytes and some astrocytes, in response to local environ- 
mental signals whose identities remain to be established. But when removed from the 




FIGURE 10.4 

WMPCs engrafted into fetal rats { ave rise to neurcns end gin in a site-specific manner Sections from a rat brain 
implanted at E17 with A2B5-5orted WMPCs ar.d ssLnSced i month after birth These cells mt maintained in 
culture for 10 days prior to implant. (A-B) Nest,n' (red) progenitor* aud doubkcoiun* (red) migrants, respect- 
ively, each co-expressing human nuclear antigen (hNA, green) in the hippocampal alvius. (Q CNP" oligodendro- 
cytes (red) that were found exclusively in the corpus callosum. (D) A low- power image of GFAP* {green, stained 
with anti-human GFAP) astrocytes slong the ventricular wall. (E) pJIl-tubuhli* (greenybNA* (red) neurons 
migrating in a chain in the hippocampal atvrus. (F) BIH-tubuJin* and MAP2* (inset in part F) neurons in the 
striatum, adjacent to the RMS (antigens in green; hNA in red; yellow: double-stained human nuclei). (G) An Hu*/ 
hNA* neuron in the septum. (H) An hNA"* (green)/GAD-67'*' (red) striatal neuron. Insets in each figure show 
orthogonal projections of e high-power confocal image of the identified cefl (arrow). From Nunes er al. (2003). 
Scale: A-E, 40 um; F-H. 20 urn. 



environment of the hrain and from other brain cells, these cells proceed to make all brain 
cell types, including neurons and glia, and remain able to do so for long pciiods of tunc in 
culture. 

This observation has precedent in lower species. Progenitor cells capable of giving rise 
to multiple lineages, including oligodendrocytes and neurons, have been consistently 
derived from the cortical and subcortical parenchyma as well as from the ventricular 
/.one of embryos (Davis and Temple. 1994; Qian et al., 1997; Williams et al., 1991). Similar 
multipotcntial progenitors have shown to exist in early postnatal rat cortex (Marmur « «/.. 
1998), A more recent study suggested that postnatal rat optic nerve derived 0-2A progeni- 
tor cells could be "rcprogramrned" to multipotcntial stem cells capable of generating 
neurons (Kondo ;md Raff, 20(K)). This was achieved by sequential exposure of 0-2A 
progenitor!! to serum to induce astrocytic differentiation, followed by their expansion in 
the presence of bFGF :n .serum-free conditions. Constant milogenic stimulation of adult 
tat forcbrain parenchymal cells with FGF2 has been shown to result in the feneration of 
neurons as well as astrocytes and oligodendrocytes fPalmer et al, 1995; Richards et al., 
1992). Together, these observations of the tnultilincage potential of CNS glia! progenitors 
suggest that the apparent lineage commitment of progenitors might depend on cpigenetic 
factors. As a tesult, the nominally thai pro£xriitois of the adult white matter may retain far 
more lineage plasticity and competence than traditionally appreciated. Adult subcortical P/ 
CNP2:hGFP' t progenitors, though competent to generate multiple cell types, may there- 
fore be restricted to the oligodendrocyte lineage by virtue of the cpigenetic bias imparted 
by their environment before their isolation. 

A corollary of the environmental restriction of WMPC phenotype is that other, non- 
while-rnattet -derived neural progenitors might similarly restrict to oligodendrocyte lin- 
eage when presented to the environment of the adult white matter. Indeed, several groups 
have reported that FGF-cxpanded murine neural stem cells differentiate as oligodendro- 
cytes upon xenograft (Mitome <■/ al., 2001); remarkably, in none of these models were 
substantial numbers of oligodendrocytes generated in vitro. Similarly, v-myc transformed 
neural stem cells transplanted to perinatal mice can differentiate as oligodendrocytes once 
recruited to the white matter (Yandava et al., 1 999). but not otherwise, and never m vitro. 

The Distribution and Heterogeneity of White Matter Progenitor Cells 

The persistence and sheer abundance of WMPCs in the adult human brain is striking: Over 
3% of the white matter cell population may be sorted on the basis of CNP2.G FT based 
FACS, and over half of these cells are mitotically active upon isolation (Roy et al., 1999). 
That being said, the extent to which this parenchymal progenitor cell population is 
homogeneous remains unclear; by limiting dilution analysis, only 0.2% of its cells are 
multipotential (Nunes et al., 2003). Nonetheless, the very existence of muliipotentiai 
progenitors scattered throughout the while matter parenchyma forces us to reconsider 
our understanding of both the nature and incidence of neural stem cells in the adult brain 
and challenges our conception of the supposed rarity of adult neural progenitor and stem 
cells. In doing so, they point to an abundant and widespread source of cells, which may be 
used both as a target for pharmacological induction and as a cell type appropriate for 
therapeutic engtaftment to the diseased adult brain. 



THERAPEUTIC POTENTIAL OF HUMAN OLIGODENDROCYTE 
PROGENITOR CELLS 



The Natural History of Remyelinarion in the Adult CNS 

The existence of active remyelir.ation in the adult human brain has been mainly derived from 
observations of MS lesions. However, it has been unclear whether that remyeiinaiion has 
been the result of local expansion of parenchymal OPCs or of the recruitment of distant 
OPCs to sites of acute demyelination. Moreover, the source and in resting phenotype of the 
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lemyelmatmg ceils has been unclear. To address these questions, Gensert and Goldman 
(1997) used a combination of retroviral labeling and lysolecithin- induced dcmyclination to 
i!n>w that normally cycling cells of the adult rodent WM can differentiate as myelinating 
obgodendiocytes (Gensert and Goldman, 1997). Interestingly, before the endogenous OPCs 
participated in renvyciinaiior), they proliferated locally. Similarly, mice infected with a 
dcmyelmating murine hepatitis virus exhibited almost a 14-fold increase in PDGF-ctR* 
OPCs in the lesion bed (Rcdwine and Armstrong. 1998). Other studies using rats with EAE 
or rthtdium bromide lesions have shown that after remyelination, OPC numbers were stable 
(L.eviue and Reynolds, 1999) This in turn suggested that OPCs can undergo asymmetric 
division to replicate themselves while generating a differentiating oligodendrocyte. 

There jipjitais to be limited survival of OPCs in demyelinated lesions; as a result, most 
lernyelination may be accomplished by unaffected OPCs recruited from the lesion sur- 
round. Carroll ei al. have shown that OPCs in regions adjacent to immunorytic lesions first 
respond by dividing, followed by their migration into the lesion, and ultimate myelinogen- 
esis (C'aitnll ei til., 199H). Similar observations were made in the demyelinated adult spinal 
cord, where the population of NG2* cells expanded significantly in areas adjacent to 
demyelmatirig lesions. In this case though, the proliferating pool appeared unable to 
sustain its self-renewal, as NG2"* cells were depleted following remyelination (Keirstead 
<■; al. 1998) Using X-irradiation. C'hari and Blakemore (2002) reported that locally 
recruited NG2" and PDGF-cr K 4 OPCs can repopulate depicted areas over distances of 
approximately 0.5 mm per week in the first month. No secondary progenitor loss was 
observed in those surround regions from which progenitor cells were recruited, indicating 
dynamic replacement of the emigrants (Chari and Blakemoie, 2002). However, the ques- 
tion of how fat the progenitor population can migrate in intact tissue remains debatable, 
an issue of particular concern for remyelination strategies involving transplantation 
(franklin and Blakemore, 1997) Complicating matters further, recent studies have 
reported an age-related decrease both in recruitment of OPCs and in their subsequent 
diffeieniiation (Sim ei al., 2002). 

Candidate Cellular Vectors for Experimental Remyelination 
via Progenitor Implantation 

Progenitor cells capable of local cell genesis therefore persist throughout the subcortical 
white matter of the adult brain, where they might constitute a potential substrate for 
cellular replacement and local repair. However, several criteria must be considered when 
evaluated the transplantation potential of any progenitors. These include the ability of 
transplanted cells to survive in the host environment, to migrate accurately to the target 
lesion or t:f sue type, to generate myelin, to ensheath host axons, and to achieve a degree of 
myelir.ation capable of functional reconstitution. To assess the myelinogenic potential of 
transplanted cells, a variety of cell types including mullipotential stem cells and OPCs, 
derived from both animals and humans, have been tested in both developmental^ dys- 
myeJir.ated and experimentally demyelinated models of myelin loss. 

Neural Stem Cells and Progenitors from the Fetal Bruin 

Human fetal brain cells have been found to have robust myelinogenic capacity in the shiverer 
mice (Gar.smuller et al, 1986; Gumpel et al., 1987, 1989). Cells isolated from the rodent or 
human fetal forebrains at various gestational ages, and expanded m vitro under a variety of 
scrum-free, factor-supplemented conditions, have been used as sources of transplantable 
cells (Ader el al, 2001; Brustle et al, 1998; Carpenter el al, 1999; Flicker ei al, 1999: 
Bammang et al, 1997). However, there are potential risks to prolonged in vitro expansion, 
since the cells are not only exposed to exogenous mitogens, but also to autocrine factors in 
artificially high concentration, and to paracrine agents produced by the neurons and glia 
present within the initially mixed cultures. As a result, propagated stem or progenitor cells 
may not retain or reflect the lineage potential or differentiation competence of the native 
progenitor ceils from which they derived. Two recent studies have highlighted the effects of m 
vitro expansion of cells prior to transplant. Buchet et al. observed that freshly isolated cells 
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proliferated kmjs-r and gave rise to very extended grafts before differentiating into n< 

.ind ylm while ull.s (hat wir expanded prior to transplant shewed poor proliferation and 
quick d.Hercntiiiled capacity (Buchet el al., 2002). In conttnst. Englund i-t al. found that after 
9 weeks of expansion, human fetal brain cells lost the capacity to differentiate and remained 
as undifferentiated progenitors when transplanted into adult recipients (Englund ei al., 
2002}- To circumvent the issue of paracrine effects on defined stem cells in mixed culture.' 
several groups have developed methods of directly isolating neural stem ceils from tissue," 
thereby preventing their m vitro exposure to differentiated cell products during either 
isolation or expansion (Keyoung et al., 2001; Uchida et al., 2000). 

Nemul Stem Oils arid Pi«> K e,uims farm Adult Brain 

Several studies describe the use of neural stem cells derived primarily from the adult rat 
and human VZ, and then propagated as ncurospheres, as a potential source of myelino- 
genic cells (Akiyama et al. 2001; Knkekov et al., 1999: Zhang et al., 1999). As described 
earlier, the adult human white matter harbors an abudancc of oligodendrocyte progeni- 
tors. By virtue of their abudance, these progenitors represent a potential cellular substrate 
for therapeutic transplantation. Nonetheless, only a few studies, constrained by the lack of 
any reliable method to isolate these cells, have attempted to assess the myelinogenic capacity 
of OPCs derived from the adult human white matter. In one such study (Target! et al. 1996), 
a trade cell preparation derived fiom adult human white matter was transplanted into the 
ethidiurn bromide- lesioned and radiosensitized, X-irradiated adult rat spinal cord. The 
transplanted ohpudendiocytes survived in the demyelinated zone, associated with denuded 
rum axons, and expressed myelin proteins. But the transplanted cells did not migrate or 
divide, nor was any myeJination noted. The failure of these implanted oligodendrocytes to 
myelinate was attributed to the diminished regenerative potential of post mitotic oligo- 
dendrocytes, and the lack of a permissive environment for rcmvelination within the rat 
lesion bed (Target! et al.. 1 996). 

Propagated Oligospheres 

Though neural stem cells have myelinogenic capacity, they also have the inherent capacity 
to generate neurons and astrocytes. The co-generation of astrocytes may not necessarily be 
deleterious, given their roles in both OPC proliferation and myelination (Blakemore, 1992- 
Franklin al., 1991). However, the co-generation of neurons may be undesirable, given* 
the potential generation of ectopic neuronal foci, which might conceivably act as epilepto- 
genic foci. Thus, pruning neural stem cells or OPCs toward oligodendrocytic differentia- 
tion prior to implant might be necessary to ensure the quantities and phcnotvp.c 
homogeneity of oligodendrocyte progenitor cells that will be needed for clinical implant- 
ation. One approach to this goal has been the expansion of neural stem cells as ncuro- 
spheres in the presence of oligodendrocytc-inducing a cents. For instance, when rat 
cerebellum-derived ncurospheres were propagated in the presence of conditioned medium 
from the neuroblastoma B104 line (B104/CM), oligodendroevtes were preferentially gen- 
erated. The resultant "oligospheres" were capable of being exponentially expanded 
through several parages without phenotypie degradation and exhibited robust myelin- 
ation on transplantation into the shiverer mice brain (Avellana-Adalid et al., 1996). Since 
then, several groups- have used a similar strategy to generate oligospheres from neural 
precursor cells of the mouse, rat, and canine fore-brains (Vitry ft al, 1999; Zhang et al., 
1998). Smith and Blakemore the compared the rcmyelinating capacity of cells isolated 
from porcine SVZ within hours after dissociation, to that exhibited by matched cells after 
growth m B104CM as oligospheres. Whereas the freshly isolated SVZ cells remained 
undifferentiated after xenograft, those expanded in B104/CM effected significant remyeli- 
nation of demyelinated axons in vivo (Smith and Blakemore, 2000). 

Human OPCs Integrate When Grafted to Demyelinated Foci of the Adult Rat Brain 
The remyelinating potential of adult human white matter-derived progenitors has been 
recently shown in lysolecithin-mduced demyelinating lesions of adult rat corpus callosum 



(Wmdtrm el at,, 2002). It) this study, A2B5 expression by P/CNP2:hGP-dehned OPCs 
(Moy «•/ ai, 1999) provided the rationale for tmmunomagneticallv selecting OPCs on the 
basis of A2B5 expression, l ike P.'CNP2:liGFP- cells, A2B5-.sorled cells generated largely 
oligodendrocytes when raised hi high density in the presence of .serum. In addition, 
minuinoinagnctic selection allowed their higher-yield acquisition, without the liases in 
viability and number associated with FACS separation. As a result, A2B5-antibody 
based inununomagneuc sorting increased the yield of extracUtblc OPCs by over 5-fold. 
'I~he.sc A:i)5 soiied white mailer progenitors were tiansplantcd into cyclosporine-immuno- 
suppressed adult rats, ? days after lysolecithin lesions. As previously described (Genscrt 
and Goldman, 1997). these lesions yielded a discrete region of transcallosal dcmyclination, 
with mild local reactive astrocytosis within the demyelinated focus, and intact vasculature. 
When A:H5 sorted human OPCs uere injected into these lesions, they migrated widely and 
nipidly; within 7 days of implantation, the cells had readily traversed the midline to 
infiltrate the furthest reaches of the dcniyclinaled lesion beds, which often extended over 
8 mm in breadth The migration rate of the cells was hence at least 1 mm/day, or 50 urn per 
houi. within the lesion borders (Fig. 10.5). The engrafted adult A2B5-sorted progenitors 
dilfeici.tiated rapidly, expressing CS'P within 2 weeks and MBP within 3 weeks of implant- 
ation. These OPC-derived oligodendrocytes projected MBP" lamcllopodia and were asso- 
ciated with a branched array of myelinating fibers, indicating the initiation of progenitor- 
associated myelinogenesis Of note, many transplanted progenitor derived astrocytes were 
also observed in I he lesions. With cyclosporine immunosuppression, the cells could survive 
at least 2 months in lysolecithin-demyelinatcd recipients. These findings suggested that the 
introduction of highly enriched preparations of progenitor cells derived from the adult 
human white matter might permit local rernyelinalion. 

Migratory Characteristics of human OPCs 

Adult human dcr ived OPCs engrafted into demyelinated brain remained restricted to regions 
of dcmyclination. they rarely extended into normal surrounding myelin (Fig. 1 0.5). Even the 
few cells that were typically noted to have infiltrated normal myelin appeared to have migrated 
along the intraluminal surfaces of penetrating blood vessels. Yet when lentiviral-GFP tagged 
A2B5- sorted progenitor cell pools from adult human white matter were implanted into intact 
subcortex of adult rats, the transplanted cells remained localized to the implant site and 
continued to be so even after .1 months (Windrcm et ai, 2002). These observations suggest 
strongly that norma! adult white matter is non -permissive for the migration of adult-derived 
WMPCs, as has been observed in other studies flwashita et ai, 2000). This restriction on 
migration may be similar at the molecular level to that observed toward axons, whose 
extension through normal white matter is suppressed by their expression of Nogo receptor, 
by which they :«pond to myelin-axsociated Ncgo and MAG (myelin- associated glycopro- 
tein) with repulsion and/or cessation of further advance (Grandpre and Strittmatter, 2001). 
That being said, the operative white matter signals that restrict progenitor cell migration have 
yet to be identified Whatever its mechanism, norma] myelin clearly retains cues sufficient lo 
lonicaliy impede WMPC infiltration; accoidingly, dcmyclination appears to remove those 
cues, allowing the active invasion and dispersion of OPCs throughout regions of acute myelin 
loss. The characterization of the Jigands providing these repulsive cues, and of their antici- 
pated progenitor cell receptors, will likely constitute an important avenue of future study. 

Myelin Construction by Perinatal Transplant-Based Therapy 

Several models of congenital dysmyelination have been used to assess the myeiinogenic 
potential of animal and human-derived progenitors. The myeiinogenic potential of im- 
planted fetal human brain cells was first noted in the shivcrer mouse (Gumpel et ai, 1987; 
l.achapelle et ai, 1983). The myeiinogenic potential of different, stage-defined phenotypes 
of oligodendrocyte progenitors, extracted so as to sample the engraftment efficacy of 
different stages of progenitor progression, have also been compared in shiverer mice. 
Using rat donor tissue, Warrington and PfeifTer established that the A2B5-defmed oligo- 
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FIGURE 




Implanted white matter progenitors migrated widely throughout the dcroyeltnated callosum. Sorted adult human 
white nutter progeniiori were transplanted into lysolecithin-induced demyelinated lesions in the corpus callow of 
adull rat*. (A) Lysolecithin infusion (1 Ml of TA lysoleciihin-V, delivered into the corpus caJlosum) yielded 
demyelinated plaque* in the target white matter. Id part A, the lei ion ii viable is a discoid region of myelin 
basic protein fMBP>immunonegativity, surrounded by the otherwise MBP* caJloium (green). (B) Though 
denuded of myelin (MBP, blue), neurofilament* axon* (green) initially survived ]y*o led thin dcmyelinatioa, 
] week after callosal lesion. The implanted progenitors (orange) have just immigrated to the lesion bed. AxonaJ 
spheroids were frequent within the lysolecithjn-leskm bed, indicating some degree of early injury and transection. 
The ability of implanted progenitors to effect repair is limited by the viability and integrity of the axooal cohort 
that one wishes to myelinate. (O This low-power montage demonstrates the rapidity of long-distance migration 
by xenografted adult human white matter progenitors. These DDI-labeled human progenitor cells (red) were 
visualized 1 week after their implantation, by which point the cells extend throughout the demyelinated lesion, 
defined by its loss of myelin basic protein (MBP>immunoreactivity (green). The lesion was induced 3 days before 
10 s sorted, DD-tagged (red) human progenitors were delivered in 2ul. Within a week of implantation into this 
demyelinated callosum, the cells had traversed the midline. (D) A higher magnification image showing that the 
transplanted cells migrated throughout the demyelinated platrue, but not beyond its borders, except for occasional 
migrants that followed the parenchymal surfaces of blood vessel* (arrow). The restriction of migration to 
demyelinated regions suggests that normal myelin impedes the migration of these celts. (E) Human white matter 
progenitor cells, identified as human nuclear antigen* (HNA; green), occupied the MBP (greenj-deficient lysole- 
ritbin lesion, and expressed oligodendrocytic CNP (red) by 15 days after implantation. (F) A cluster of HNA* 
human cells (green) associated with a plethora of donor-derived MBP*, myelinating oligodendrocytic lemellopo- 
dia (red). (G) Lentiviral GFP-tagged human (green) MBP* (red) oligodendrocytes in the lesion bed of a 
lysolecithin-injeeted rat callosum, B weeks after cell implantation. Besides the MBP* cell* (arrows), other 
human progenitor-derived cells were also present, which did not express MBP and which instead manifested 
astrocytic morphologies (arrowheads), lmmunolabeling adjacent sections for human CFAP (red) revealed that 
many of GFP-tagged human progenitors had also given rise to astrocytes. From Windrem et a!. (2002). Scale bars: 
A, 200 pm; B, 20 Mm; D, 100 urn; E, 30 um. 
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dendrocyte ptogenitor phenotyjw was more efficient at migration and myelinogenesis in 
nronatal sbivcrers than the more, mature 04-defined oligodendrocyte (Warrmglon ci al., 
J 993) Yandava el al. sinulaih achieved myelinalion within the shivcrer brain, using the 
CI 7.2 line of transfotmed routine cerebellar progenitor cells, which act as neural stem cells 
after v-myc immortalization (Yandava t-i al., i 799). 

Similarly, ieial oligodendrocytes transplanted to the md rat remyelinaied sipnifiea.nl 
portions of the postnatal spinal cord (Archer ci al . 1994). Moreover, analogous studies in 
the shaking pup showed that fetal oligodendrocytes were able to engraft widespread 
regions of the shaking C'NS, with graft survival of over 6 months. Although neonatal 
recipients fared best, adult recipients also exhibited graft oligodendrocyte survival and 
stable invt']in;ilion (Aicliei ft al., 1997). Duncan and colleagues then demonstrated that 
oligospheie derived cells raised fiom the neonatal rodent subvcnlricular zone could engraft 
another dysmyrlinated mutant, the myclin-deficient rat, upon perinatal intraventricular 
Administration (l-earish et til , 1999). The success of these approaches led then lo the 
seminal work of Mitome and colleagues, who used F.OF responsive primary neural 
progenitor cells, in tandem with a combination of ventricular and cisternal transplant, to 
achieve the widespread myelwiation of the shivcrer brain (Mitome et al.. 2001). 

Human OPCf Can Myelinate Congeniully Dysrnyelinated Brain 
On the basis of these studies, Windtcm et al. investigated whether highly enriched popula- 
tions of human progenitor cells, directly isolated from the brain, might be used for cell- 
based therapy of congenital dysrnyelination Specifically, this study postulated that the 
efficiency of myelinalion might be improved by using purified OPCs, derived via selection 
so as to exclude astrocytes, microglia, and vascular derivatives from the implanted pool. 
It further postulated thai such purified human OPCs. both adull-derived and taken from 
the fetal brain durmg its period of maximal oliponeogenesis, would be sufficiently migra- 
lory and myclinog enic to mediate the widespread myelinalion of a perinatal host. To this 
end, A2B5-based TACS was used in conjunction with PSA-NCAM-dependem immuno- 
depletion of neuronal derivatives, lo prepare highly enriched dissociates of human OPCs, 
of both fetal and adult derivation. Both classes of human oligodendrocyte progenitor cells 
proved capable of widespread and high-efficiency myelinalion of the shivcrer brain after 
perinatal xenograft. Indeed, the cells migrated so widely as to effect myelinalion through- 
out the recipient brains (Fig 10.6, unpublished data). The cells infiltrated widely 
throur.hou! the presumptive while matter, enshcathed resident murine axons, and formed 
antigenicalfy and ultrastructurally compact myelin. After implantation, the cells slowed 
their mitotic expansion with time and generated neither undesired phenotypes nor paren- 
chymal aggregates. In this initial study, despite histologically extensive myelination in these 
animals, no change in the behavioral phenotype of the shi'sbi recipients or any improve- 
ment in their neurological phenotype was evident. Nonetheless, the geographic extent of 
fo:ebrain and diencephalic MBP expression evidenced by these animals, who received but 
a single perinatal intraventricular cell injection, suggested that combined cisternal and 
intraventricular delivery of donor progenitors might achieve rerayclination throughout the 
rostral neuraxis. potentially spanning the entire brain. 

Besides demonstrating the myelinogenic capacity of the transplanted cells, studies in the 
dysrnyelinated animal models indirectly indicate that congenital dysrnyelination, even 
more so than adult demyelination, may be an appropriate target for CNS progenitor 
cell-based therapy. In particular, these studies affirmed that the neonatal brain environ- 
ment may be especially amenable to therapeutic remyelination. It is conducive to wide- 
spread migration and may continue to provide the instructive developmental cues 
necessary for region-specific differentiation. 

Fetal and Adult OPCs Differ 

Despite the use of both fetal and adult-derived OPCs in experimental therapeutic models, 
no hc.ad-to-head comparison of the two phenotypes had ever been performed from 
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FIGURE 10.6 

Myelin basic protein (MBP) was widely expressed by human fetal OPCs implanted into neonatal homorygote shiverer mice. (A) Thi« low-power view 
of the recipient fimbria shows abundant fiber-associated MBP expression (fr-em), 3 month* after perinatal engraftment (MBP, freen) Since shiverer 
horoozygotes do not express unmunoreactive MBP, all such signal must derive from donor progenitor cells. (B-D) Donor fetal OPCs, additionally 
validated as such by human nuclear antigen (hNA, red), differentiated to express CNP protein (green in B) and MBP (green in C-D). In the 0.5 urn 
confocal optical section of D, MBP (green) is noted to surround the donor human nucleus (red), as viewed in orthogonal planes. (E). A single donor- 
derived MBF* oligodendrocyte that has matured, 3 months after rngraftment, to associate with multiple recipient axons. (F) An 0.2 um optical section 
through a recipient corpus callosum shows engrafted human OPCs (hNA, blue) expressing MBP (red), and surrounding native axons (neurofilament, 
green). Arrows indicate examples of ensheathed axons, a higher magnification of which is shown m (G). Human OPCs enwrap native axons and 
reorganize the paranodal region to permit nodal formation. Caspr protein, an axonal paranodal marker, is expressed on unmyelinated axons between 
myelinated segments or axon, without invading the nodal region. (H-K) Optical sections through engrafted shiverer corpus callosum, showing donor- 
derived MBP (green) and native axonal Caspr protein in red, indicating that donor OPCs develop not only myelin production and architecture, but 
permit nodes of Ranvier to form (anti-Caspr antibodies generously provided by Dr. M. Rasbsnd). (L) Electron microscopy confirmed that donor- 
derived oligodendrocytes developed compact myelin, 1 that myelin produced by engrafted fetal human OPCs wrapped native axons to form compact 
sheathes with major dense lines (rwer). Scale bars: A, 20Oum; B-F, 20um; H-K, 5 pm; L, 1 urn. 



analogously acquired and maintained cells implanted into the same models a! the same 
nine. As a result, it was unclear if fetal-derived OPCs differed from their counterparts 
derived from the adult human brain, with respect to cither their migration competence, 
inyelimigcnie capacity, or ihe time courses thereof. To assess the relative advantages and 
disadvantages as Ihei apeutic vectors of these two stage-defined OPC phenotypes, newborn 
shivcrer mice were implanted with either fetal or aduh-iicrived OPCs, each isolated via 
ArB5-directcd inimunomagnelic sorting (IMS). The imperiled neonatal mice were allowed 
U) survive for 1 to 3 months, and their brains then sectioned and stained for MBP, GFAP, 
and anti human nuclear antigen. By this means, it was determined that fetal and adult- 
detived human OPCs differed substantially in their respective time courses and efficacy of 
myelinogenesis upon xenograft. Adult OPCs myelinated shivcicr brain more rapidly than 
their fetal counterparts, achieving-widespicad arid dense MBP expression hy 4 weeks after 
xenograft. In contrast, substantial MBP expression by fetal OPCs was generally not 
observed until 12 weeks post-implant (Wjndrcm el uL. unpublished data). 

lies <ies myelinating more quickly than fetal OPC s, adult OPCs were found to give rise 
to rrivclinogenic oligodendrocytes in much higher relative proportions, and with much less 
ist; oevtic co- feneration, than did fetal-derived OPCs When assessed at the midline of the 
recipient corpus caliosum. just ovei 10% of fetal hNA defined OPCs expressed MBP at 12 
weeks, while virtually none had done so at 4 weeks. In contrast, almost 40% of adult OPCs 
expressed MBP by 4 weeks after xenograft into matched recipients. Thus, engrafted adult 
OPCs were at least four times more likely to mature a* oligodendrocytes and develop 
myelin than their fetal counterparts. As another cardinal difference between fetal and adult 
OPCs, adult OPCs largely remained restricted to the host while matter, within which they 
generated almost entirely MBP* oligodendrocytes In contrast, Tela) OPCs migrated into 
both gray and white matter, generating both astrocytes and oligodendrocytes in a context- 
dependent manner. 

Thus, both fetal and adull-derived OPCs were competent to rcmyclinate murine axons, 
but each had distinct advantages and disadvantages as potential vectors for cell therapy: 
Whereas fetal OPCs were highly migratory, they myelinated slowly and inefficiently. In 
contrast, adult-derived OPCs migrated over lesser distances, but they myelinated more 
rapidly and in higher proportions than their fetal counterparts. Together, these studies 
argued that while both fetal and adult human OPCs might provide effective cellular 
substrates for remyelination. the choice of cellular source must be dictated not only by 
the availability of donor material, but also by the specific biology of the disease target. 

A Caveat: Some Implanted Progenitors May Remain Undifferentiated 
A corollary of the multipotential nature of white matter progenitor cells is that when 
transplanted as nominally oligodendrocytic precursors, these cells might encounter local 
; -glials that instruct their maturation along alternative lineages. As a result, we need to be 
concerned about the possibility of their differentiation into undesired or functionally 
heterotopic phenotypes. This possibility is of further concern given the persistence of 
many implanted progenitors as undifferentiated cells: these may remain able to respond 
to signals in the host tissue environment, not only at the time of implantation, but also long 
thereafter- As such, these cells might comprise a reservoir of implanted precursors, from 
which desired phenotypes might be later recruited upon injury or insult. On the other hand, 
they m:cht just as well constitute potential sources of undesired cell types that might be 
cctopically generated and recruited in the tissue environment of an acutely injured focus. 
Such local production of undesired phenotypes might introduce not only inefficiency to 
transplant-based treatment strategies, but also frank danger. For instance, the production 
of neurons in a while mattCT lesion could generate an epileptogenic focus, just as the 
production of astrocytes in a more typically oligodendrocytic region might disrupt local 
ionic gradients and hence axonal transmission. These and many other untoward processes 
of heterotopic phenotypic maturation could more than offset whatever benefits might be 
gleaned from a therapeutic cell implant. As a result, it may prove advisable to initiate the 
phenotypic differentiation of these cells in vitro, prior to implantation, so as to limit 
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the range of phenotypic choices available to the isolated progenitors to those appropriate 
for the intended region and disease target. Time will tell whether the possibility of hetero- 
topic misdifferentiation will mandate such in vitro priming steps. 



EXPERIMENTAL IMPLANTATION OF NON-CNS 
PROGENITOR CELL TYPE S 

A wide range of other potentially myelinogenic cell types have also been implanted into 
experimental models of de- and dysmyelroation, with varying degrees of success. 

Schwann Cells 

Schwann cells, the myelinating cells of the peripheral nervous system, have been considered 
as an attractive alternative to oligodendrocyte precursors for experimental transplantation. 
Schwann cells from several sources, including humans (Kohama el al., 2001), have been 
implanted in dysmyeiinated shiverer mice (Baron- Van Evercooren et at., 1992), MD rats, 
and shaking pups (Duncan and Hoffman, 1997). They have also been transplanted into 
lysoletithin (Baron- Van Evercooren et a/., 1993; Duncan et al., 1981) and EB-X (Blake- 
more and Crang, 1985) demyelinated lesions in the brain and spinal cord. In all these 
systems, they have demonstrated varying degrees of myelination (Franklin and Barnett, 
1997) with the myelin produced by these cells being of the FNS-variety as specified by the • 
expression of P0. In some cases, functional reconstitution of saltatory conduction has also 
been shown (Felts and Smith, 1992; Honmou et ai., 1996; Kohama et al., 2001). In 
addition, Schwann cells have been reported to improve axonal regeneration, which might 
be of importance in MS where axonal loss is a major part of the lesion pathology. 
Considering the relative ease of expanding human Schwann cells in culture (Rutkowski 
et al., 1995), it has been suggested that they might be appropriate cellular vectors for 
autologous transplants. Indeed, they have the added advantage of producing non-CNS 
myelin, which may be refractory to the immunological destruction in diseases like MS. 
However, like central oligodendrocyte progenitors, the migratory capacity of these cells is 
unclear. Some studies indicate that Schwann cells migrate satisfactorily over large dis- 
tances to specific target sites (Franklin and Barnett, 1997), while others indicate that they 
are unable to migrate through normal white matter (Iwashita et al., 2000). In addition, 
Schwann cells seem to have a complex relationship with central astrocytes. After trans- 
plantation, Schwann cells are mainly found in areas devoid of astrocytes (Baron-van 
Evercooren et al., 1992; Blakemore and Patterson, 1975), and, moreover, they are excluded 
as astrocyte numbers increase with time (Shields et al., 2000). 

Olfactory Ensheathing Cells (OEC) 

In nature, OECs ensheath small diameter axons of the peripheral olfactory epithelium 
neurons that project through the olfactory nerve into the olfactory bulb of the CNS. 
Unlike Schwann cells, these cells do not normally produce myelin. However, OECs from 
both animal (Franklin et al., 1996; Imaizumi et al., 1998) and human sources (Barnett et 
al., 2000; Kato et al., 2000) show remyelination with a peripheral partem of myelin 
expression upon transplantation to demyelinated spinal cords. In some studies, a func- 
tional restoration of conduction has also been demonstrated (Imaizumi et al., 2000). OECs 
may have an advantage over Schwann cells, as they co-exist naturally with astrocytes in the 
olfactory bulb (Lakatos et al, 2000). Perhaps as a result, their interaction with astrocytes 
in not restrictive (Franklin and Barnett, 2000) in fact, they have been reported to support 
axonal regeneration through the astrocytic environment of a transected spinal cord 
(Raroon-Cueto el al., 1998). Nonetheless, their restoration of central axonal conduction 
remains inconclusive, as is the Jong-term fate of their remyelinated units. Whether these 
cells are capable of the contact-dependent and humoral support of neuronal function 



luninally exercised by central oligodendrocytes, ot conversely, whether they are in turn 
supported by the axons with which they interact (Fernandez el al, 2000; Vartanian et al, 
1997), similarly remain unknown. 

Embryonic Stem Cells 

Myclination by in vitro conditioned mouse embryonic stem cells has been reported in both 
hypomyelinated MD rat E-17 fetuses and shiveter newborns, as well as in adult lysolecithin 
dtmyciinalcd lesions in adult tat* (Br ustle t l al, 1 999; Liu ft al, 2000). More recent reports 
describe transplanted human F.S cells sequentially cultured to induce neural stem cells 
capable of generating oligodendrocytes in a region- specific manner (RcubinofTf/ al, 2001). 
Though LS cells might icprescnt a readily cultivable source ofOPCs, the use of these cells 
is still limited by our inability to fully instruct all cells in the undifferentiated population to 
the desired phcnolype. Of g renter concern is the persistent uncommitted progenitors within 
the implanted population, which may retain the latent capacity for undifferentiated expan- 
sion and possibly Uimorigrnicity. 

Mesenchymal and Ma mm- Derived Stem Cells 

In addition to ES cells, mesenchymal and marrow-derived stem cells have been in focus as a 
source o! neural!)" specified cells. Some controversial studies indicate that these cells may be 
capable of trans- or ectopic differentiation to neuroectodermal lineage (Mczey el al., 2000: 
Santhe/Kamos rial.. 7000) Of particular concern has been the lack of clear clonal evidence 
of neural specification as well as recent reports indicting that cell fusion may explain some of 
observations of trans-differentiation (Terada et al., 2002; Ying ei al, 2002). Nonetheless, a 
recent study, in which mouse bone marrow stromal cells were grafted into EB-X demyeli- 
nated spinal cord lesions, reported not only donor -cell derived histological remyelination, 
but also an improvement in conduction velocity (Akiyama eial, 2002). This work remains to 
be replicated by other groups. Should this study prove verifiable, its approach may open new 
avenues of stromal cell-based remyelination therapy. 
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Congenital Dysmyelinat ion 

Congenital diseases of myehnaiion, such as periventricular leukomalacia (PVL), which 
:siay serve as an anatomic form fruste for the later development of cerebral palsy (Grow 
and Barks, 2002; Rezaie and Dean, 2002; Yolpe, 2001) and the hereditary leukodystrophies 
and storage diseases, such as Krabbe's and Tay Sachs disease, are leading causes of infant 
morbidity and mortality (reviewed by SchifTrr.ann and Boespfltig-Tanguy, 2001; Berger et 
al, 2001). As such, ihcse may constitute feasible and attractive targets for therapeutic 
remyelination (Tate et al, 2001 ). 

Periventricular leukomalacia PVL describes a lesion of the periventricular white matter, 
associated with a failure in early myelination of the cerebral hemispheres. PVL appears to 
be a pathological concomitant to perinatal hypoxic-ischemic insult and may result from 
germinal matrix hemorrhage, sustained hypoxia, and excitotoxic injury, and most likely 
from combinations of these insults. PVL predicts the development of cerebral palsy in most 
cases (Volpe, 2001). Experimental models of hypoxic- ischemia in neonatal rats (Back et al., 
2002; Lcvison et al, 2001) as well as studies of pediatric autopsies (Back et al., 2001) have 
suggested that the late oligodendrocyte progenitors of the forebrain SV2 comprise the 
predominant cell population lost in perinatal ischemic injury. This is in accord with our 
understanding of the natural history of oligodendregliogenesis in bumans (Grever et al., 
1999; Rakic and Zecevk, 2003; Zhang et al. 2000). the developmental window for which 
corresponds to the period of ischemic vulnerability of the periventricular white matter. 
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{'mgenital leukodystrophies include an ever -expanding group of inherited diseases of 
ri)>clin synthesis and ineta holism. Although a diverse group, these may roughly \x divided 
,nto lysosomal Mo rare diseases, such as Kt abbe's globoid cell leukodystrophy (Wcnger et 
nl., 2000) and Tay .Sachs diseases (Gravel et al.. 1991); disorders of myelin synthesis, such 
as PclizaeiM. Meihaehet disease (I'MD) (Koeppcn and Robitaille, 2002); and metabolic 
deficiencies leading to toxic dcinyelinniion, Mich as Oanavan's disease (Maialon and 
Michals Matalon. 2 (XX)). Each of these disease categories is attended by extensive white 
matter involvement and clinical leukoencephalopathy, typically leading to severe neuro- 
logical disability and death. As a group, the clinical leukodystrophies represent especially 
attractive targets for progenitor < ell-bused therapy, since the restoration of healthy oligo- 
dendrocytes in early perinatal development may he sufficient to permit myelination and 
hence to slow or prevent the development of the disease phenotype. In addition, effective 
murine models of these diseases are available (Werner et al., 1 99g). Inherited diseases of the 
(M.P and MBP genes are modeled by twitcher (Mikoshiba el al., 1985; Yoshimura et at.. 
! i ;89) and shivcrer mice (Roach <<r al., 1985), respectively. In addition, mutations of 
hexuseaminidase-B. modeling SandhofTs and Tay-Sachs diseases (Kolter and SandhorT. 
IVOR), and aspartoacylasc. mimicking Canavan's disease (Matalon et al., 2000), have been 
similarly employed. The availability of such genetically precise models of the childhood 
leukodystrophies is already gieatly accelerating the process of developing experimental 
treatment strategies for these disorders. 

Acquired Demyelination 

In adults, the diseases of acquired demyelination include later-onset leukodystrophies, 
such as metachromatic leukodystrophy and adrenolenkodystrophy, as well as vascular, 
inflammatory, and nutritional demyelinaring syndromes (Baumarm and Turpin, 2000: 
Herger et al.. 2001; Desmond. 2002; Dichgans, 2002). The vascular demyelinations include 
hypertensive and diabetic leukociicephalopathies, which may both be due to chronic 
oligodendrocyte ischemic hypoxia (Dewar et al., 1999; Leys et al., 1999). Subcortical 
strokes, particularly those within the distributions of the forebrain lentkulostriate and 
thalamogeniculate arterial territories, are also prominent causes of vascular demyelination 
(Dichgans, 2002). The inflammatory demyelinations include multiple sclerosis, transverse 
myelitis (Kerr and Ayetey. 2002), optic neuritis (C'rec a at., 2002, Fpgenbergcr. 2001), and 
less commonly Schilder's leukoencephalitis (Kotil et al., 2002), as well as postvaccinia! (An 
et al, 2002; Konstantmou et al., 2001) and postinfectious leukoencephalitis (Kleinschmidt- 
DcMastcrs and Gilden, 2001; Rust, 2000). All of these syndromes of acquired demye- 
lination are potential targets of therapeutic remyelination. Yet most attempts at cell-based 
remyelination in experimental animals have been made using acute chemical dcmyclinating 
insults, such as lysolecithin. In contrast to the availability of effective animal models of 
congenital dysmyelination, the study of acquired demyelination has suffered from its lack 
of biologically appropriate, clinically reflective animal models. As a result, few adequate 
studies of cell-based remyelination of acquired, adult demyclinating lesions have been 
reported using any cellular vector Those studies that have reported oligodendrocyte 
maturation and myelination by implanted oligodendrocyte progenitors have typically 
failed to demonstrate substantial axonal ensheathmcnt, though this has likely reflected 
the loss of competent axons in these models, rather than any insufficiency on the part of the 
implanted progenitor cells. Indeed, the etiological complexity and manifold sequelae of 
demyelination in the adult brain argues against easy therapeutic Intervention. As such, 
until improved models of acquired demyclinating disease are available, progress in cell- 
based therapy of adult demyclinating diseases will be necessarily slow. In contrast, the 
arguably simpler etiologies of congenital dysmyelination, their frequent lack of association 
with underlying systemic disease, and the persistent structural plasticity of the perinatal 
brain, together with the many effective animal models for congenital dysmyelination, 
collaborate to make these diseases attractive targets for near-term intervention, both 
experimentally and clinically. Indeed, we may reasonably except the congenita! leukody- 
strophies to be especially promising targets for cell- based therapeutic remyelination. 
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nnfP o mrv cei T S FN AMJLT gK A I N THAT MAY 

SU C^he« at Cornell University Medical College, supported by the National MS 

r^r^first time isolated cells in the adult human brain that can divide and 

eiAeitoough^plantation of such cells, or through development of ways of 
!£S^itor cells resident in a person's brain to produce new ol^odendro- 
^ScTr^air myelin damagedby MS and possibly restore nerve function. 

?he hSof adult humans. These cells have fee potential to repair myelin that has been 
destroyed by MS, and possibly to aid in the recovery of function. 
ReDorting in the November 15 issue of The Journal o/Neuroscience, the mvestigators 
Slaving found that the ohgodendrocyte progenitor cells are surprisingly 
Sntt^lt brain matter, and are capable of dividmg to produce new 
XXdrocytes. Most adult human brain cells do not dmde. This is fee to 
ae SuS^t such cells can be stimulated to divide and give me to new 
oligodendrocytes. 



SSStthe 1990s, researchers had been searching for oligodendrocyte progenitor 
c^frhlan brain. Oligodendrocyte proger^ 

Si the 1970s and 1980s, tornature oUgodendrocytes had been found m human 
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brain tissue, but none of these had been capable of diytaing. Rubers had begun to 
conclude that oligodendrocyte progenitor cells capable of dividing did not exatm me 
adult human brain. But by using surgically removed samples of adu* human bmm 
£«U combined with newly developed techniques of molecular cell ^tifica^ and 
senaStioft, Goldman and colleagues were able to refute this notion and forthc&st 
ST segregate a population of dividing oligodendrocyte progenitors in adult brain. 



kSXy, reported in the November 1 5 issue of The Journal of Nescience adult 
human brain cells were obtained from brain matter that was removed from eight 
patients ranging in age from 24 to 65 years old. who underwent surgery for a variety of 
K^Tnemv Jgators used a technique they had developed and tested m animal 
brain cells to separate living progenitor cells from the larger brain cell population. 

The investigators identified a discrete population of oligodendrocyte progenitor cells, 
which they estimated to represent about four percent of the population of cells in them 
the white matter of the brain. They then segregated the progenitor cells, and 
demonstrated mat they were capable of dividing, "more or less on demand, says 
Goldman, 

^^o^^ws^oUgodendirocyte progenitor cells exist within the adult .human 
brain and are capable of dividing. Furthermore, this study describes a memodfor the 
JXion and actual purification of these cells, potentially in large numbers. This raises 
the possibility that patients with MS might someday be treated either by transplanting 
otigod^idrocyte progenitor cells, or by stimulating the patients; ^^f^ 1 ^^ 
progenitor cells to divide and produce new cells. Treatments might also be devised that 
combine elements of both approaches. 

tv Goldman's team is currently conducting studies to determine whether transplanted 
oUgCKlendrocyte progenitor cells will be able to produce replacement myelin on nerve 
fibers whose myelin has been destroyed. Studies will also be needed to determine 
whether stimulating the growth of new oligodendrocytes from progenitor cells mat exist 
within a patient's brain will remyelinate damaged neurons. 

The National MS Society is actively funding these and other efforts to find ways to 
repair myelin and nerve cells that have been destroyed by multiple sclerosis, with the 
hope of restoring nerve function. 

From: Research Programs Department 
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Summary of MS Research Progress - 1999, National MS Society, December 10, 1999 
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« a small scale clinical trial of a combination of Avoncx and Copaxone in 

MS, 

• With Society support, doctors at the University of Soutben> California began a 

^SfSSlaunch attacks against myelin Nation m the bnun and spinal coid. 

. Two experimental treatments were brought before the FDA for approval toffeal 
^nSprogrc^ve MS: Novantrone. a potent immune-supprmmg chemotherapy 
Z St&on. an irnmune-system modulator curnenuy approved for 
S^Sl ^Sg MS. We should leam in 2000 *heth« eather becomes the first 
approved treatment for a progressive form of MS. 

This fruitful year has brought us closer to achieving our goal: to end the devastating effects of 

multiple sclerosis. 

— Research Programs pepwtmeot 

$ 1999 The National Multiple SctorosU Society 



Mtp-J/«ww.nmM.or9/pwl>llcMlon*/p-8«32a299a«989/tfK/»- 



m- £1 £002 K aon 2K0-90S-S8S: Id -Q3d 'TON 'N39 'MTU '813 



Docket No,: 29556.0001. (SU-1976) 

U,S, Patent Application Serial No. 09/282,239 
Appeal Brief filed January 24, 201 1 



EVIDENCE APPENDIX 
EXHIBIT 20 



"Beyond the Gray Area," Newsday Article, Jamie Talan 
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Beyond the Gray Area 

Study finds generating cells in brain's white matter 



By Jami* Talan 

IT AW WRITER 

WHILE RESEAECHEKS 
revel in the recent news 
that adult brain cells 
grow and divide in some 
area* of the gray matter 
— the brain tissue where neurons 
do their work — few people have 
paid attention to the inner workings 
of the white matter, the brain tissue 



vering the gray matter. 
Dr Steven Goldman and hie col- 
leagues at Weill Cornell Medical Col- 
lege in Manhattan have evidence of 
Siung, dividing cells in the white 
matter in the adult human hram. 
The hope in to "mass produce* Suffi- 
cient numbers of these progenitor, 
or stem cells, for implantation and 
cell-bassd therapies to treat multi- 
ple sclerosis, stroke, Tay Sachs and 
other diseases, Goldman said. The 
Study appears in the Journal of Neu- 

White matter is a pool of myelin, 
or insulation, that surrounds the 
neurons in the gray matter. It is 
filled with cells that provide nutri- 
tional support to the neurons, includ- 
ing- oligodCEdrOcytes and andro- 
cyte*. The classic lesions identified 
in patients with multiple sclerosis 
are found in white matter Also, 
one-third of stroke victims suffer le- 
sions in this tissue. 

The researchers have developed a 
method to isolate these progenitor 
cells by linking them to a gene for a jeUyfish fluo- 
rescent protein and using a ceU-sortmg device to 
separate tfeem from other types of brain cells. 

With this pure population of progenitor cells in 
hand, Goldman said, it would be possible to devel- 
op specific techniques to be used after a brain 
trauma to replace this insulating material and, in 
theory, fix the brain's transmission problem* 
(The myelinated axons are the brain s version of 
telephone wire, long projections that send Signals 
from cell to cell and enable neurons to commum- 

ea S>ldman, a neurologist, working with b-U col^ 
league. Neeta Ray, isolated the newly dividing 
cefls from live tissue taken from epdepsy patients 
and others undergoing brain surgery or biopsy. 

Oligodendrocytes are necessary to make mye- 
lin, the insulating sheath that surrounds nerve 
colls that make communication possible. In muta- 
pie sclerosis, oligodendrocytes are inflamed or die 
as the nerve cells' myelin are shredded. 

Astrocytes, support cells that provide metabolic 
support for neurons, are known to grow and da- 




i.offce DepatftBeal ol NeuroloWst wstll CorseJI 
Manhattan, ttumed Sit Hain't wstts matter. 

vide, but it was ahvavs believed that oligodendro- 
cytes, like neurons, do not re- populate. And white 
scientists have known that the oligodendrocytes 
are the cells targeted in MS, the immune system 
disease has always puzzled researchers because 
the symptoms - tingling m the extremities, tired- 
ness and lost of normal movement — wax and 
wane. The white matter lesions seem to get bet- 
ter, as well, and it has never been clear how or 
why asons re-myelinate. 

Goldman, a researcher who started his career 
studying neurogenesis in canary brains, was con- 
vinced that there must be a population of oligodan- 
drocyte-progenitor cells that was helping the 
adult brain heal itself — at least temporarily. 

Working side by side with neurosurgeons, Gold- 
man was able to amass snippets of I 
from dozens of patients. , , 

By culturing the tissue, the researchers were 
able to sort out the oligodendrocytes and watch 
them grow and divide. 

In more recent, unp ublished work conducted to 
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Mind Over Brain's White Matter* 



BRAIN fromCS 



-a-oduction moth 
Insfew, and she- 
of the rare cheet- 
■ from Africa, 
b white and have 



Sat In a lab adaotifte have to deal 
with the problem of animal* who i have 
been removed from their natural sur- 

^G^rgf Amato of the Wildlife C<m»er- 
vatkm Society's Science Beaoorce Cen- 
teTand the Bronx Zoo in New York 
City, aaid dotting ia one tool 
be used to save rare animal*, but be 8 
oot anthusiastic about the mathod m 

^A^T^S molecular ge«u*lc 
technique* to hafo oonaerve endan- 
^a^pedea and, like Dreaser, mato- 
."fr^ zoo of sorta - a coU«> 
tto« of frozen DNA Amato said that 
Shen rare animala become difficult to 
otaerve through traditional method. 
S they cant be found. DNA 
helps the scientist* in their research. 

«Wa maintain frozen DNA from am- 
nujg from hundred, of species, moat of 
Si are endangered, Amato aaid. 
Hi. frozen DNA collection includes the 
the black rbinocero. from Tanzania, 
endangered yellow-shouldered Ama- 
from Venezuela and Ameri- 
can crocodile* from BeMza. 

Deapite His reluctance to oae clon- 
A said there i. ft place for it. 

»i do believe it has an appbcatiojifbr 
ver y specific cases,* he said. "The 
pendn ^probably a 
Sink that we have some responsibility 
todTe things living we are driving to 



test whether the cells are function- 
al, the investigators implanted the 
tissue containing the oligodendro- 
cytes into animal* with a demyeli- 
natmg disease. 

The now tissue developed into oli- 
godendrocytes and made myelin pro- 
tein, but whether they line up along 
the Bioii 16 still not known, Gold- 
man said. 

■It may one day be possible to acti- 
vate a person's endogenous 
stem-cell population and generate 
these cells on demand," Goldman 
said. 

Another option, he added, is to pu- 
rify these cells and insert them into 
the white matter of patients. For ex- 
ample, doctors could inject the pro- 
gemtor-oligodsndrocytes into MS 
plaques or into the stroke lesions to 
trigger re-myelinetion. 

Goldman believes that the popula- 
tion of stem cells in white matter 
may be far easier to identify, purify 
and manipulate than the small 
number of progenitor ceils found m 
the subventricular zone of the gray 
matter deep in the brain. 

He said there are 10 tames as 
many white matter support cells, 
also called gh*. as neurons in the 
brain, and that as much as 4 per- 
cent of the cells in the white matter 
may be progenitor ceils. 

The neurologist also believes that 
it will be possible to insert a single 



gene into the progenitor cells, . 
as the gene that is abnormal m 
Sachs. 

This would restore the flays 
which is damaged and leads 
early death in childhood, Goldman; 
also believe* that stroke will also he \ 
a good model for this modern trea*^ 
meat. , ^| 

"The possibility to do these expert-* 
mente is her*, now,* Goldman *ai&|* 

He think* this material could b*T 
in human trials within three yearaj^ 

"It's one thing to talk about ne*^ 
brain cells. It's another to be able te-t ,. 
use them far treatment." Goldman.-.^ 

Goldman's group c»Usboretatgp §, 
with Peter Braun and Michel GraVJt • 
el of McGUl University in Montreal 
who cloned the oligodendrocytwps 
cifie protein used in the studies t« ■. 
identify the progenitor oeUs. % s 

The rush to tap into ueurogansf 
sis — the growth of brain cells — u 
fraught with problems, , 

As it turns out, brain growth is 
always good, and it isn't always n 
maL A number of labs are beg»» 
rang to find that growing cells in * 
test-tube can Wad to a populations! 
■ abnormal cells. In other words. tht 
cells are growing waywardly 
cancer* and lose their neuronal^ ' 
functional capacity. .. jjj \ 

Goldman's work bypasses thi*B ■ 
problem by finding* an abundance o#$ 5? 
progenitor call* rather than heipinaiaM-i 
a few calls grow and multiply. 



Sky Watch 



ONE OF MY FAVORITE days of 
the year is right around the cor- 
ner. I'm talking about the first 
day of winter. The reason is the winter 
solstice, which occurs thia year at 2:44 
ajn. Dec. 22 on the East Coast. The 
winter solstice marks the moment that 
the sun reachac its southernmost posi- 
tion over our planet and begins its jour- 
ney northward. To an obaerver on 
Earth, the day marks the sun's lowest 
position in the midday sky, and the be- 
rinning of its climb once again- 
It all happen* because our planets 
t tipped by about 28.5 de- 




Mir » \Ayw w ^- 

gjw* to the plane of 
our orbit around the 
tun. This meant 
that, during this 
time of year, the 
Earth's Northern 
Hemisphere tilts 
away from the sun, 
causing the sun s 
rays to shine down 
on us at a shallow 
angia. Six months 
and half an orbit 
later, our planet's 
tilt aims the North- 



-sounce oubuuw^ in antiquity, ( 
ins from two Latin words — 
(meaning "sun") and Vatere" (re 
ing to stand stuD. 

It is at the winter solstice t..-,,. 
sun's southerly drop seem* to end,* 
sun "stands still" and the star/«tw 
gives lift to planet Earth begins lis-saK 
cendaney once again. From this nifc 
meat on, the day* become longer, tT^ 
sun appears higher, and the IT**™ 
life gradually return to the Nort 
Hemisphere of Earth. And not a 
meat too soon, either! 

DBWIS MAMMAKA I COPLEY HtWS SI 
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Identification, Isolation, and Promoter- Defined Separation of 
Mitotic Oligodendrocyte Progenitor Cells from the Adult Human 
Subcortical White Matter 



Neeta Singh Roy, 1 3 Su Wang, 1 3 Catherine Harrison-Restelli, 1 Abdellatif Benraiss, 1 Richard A. R. Fraser, 2 
Michel Gravel, 4 Peter E. Braun, 4 and Steven A. Goldman 1 

^--^ Departments of ''Neurology and Neuroscience and Neurosurgery, Cornell University Medical College, New York, New 
^York 10021, 3 Aitken Neuroscience Center, New York, New York 10021, and ^Department of Biochemistry, McGill 
qniversity, Montreal, Quebec, Canada H3A 2T5 



Previous studies have suggested the persistence of oligoden- 
drocyte progenitor cells in the adult mammalian subcortical 
white matter. To Identify oligodendrocyte progenitors in the 
adult human subcortical white matter, we transfected dissoci- 
ates of capsular white matter with plasmid DNA bearing the 
gene for green fluorescence protein (hGFP), placed under the 
control of the human early promoter (P2) for the oligodendro- 
cyte protein cyclic nucleotide phosphodiesterase (P/hCNP2). 
Within 4 d after transfection with P/hCNP2:hGFP, a discrete 
population of small, bipolar cells were noted to express GFP. 
These cells were A2B5-positlve (A2B5 + ), incorporated bro- 
modeoxyuridlne in vitro, and constituted <0.5% of all cells. 
Using fluorescence-activated cell sorting (FACS), the P/hCNP2- 



driven GFP + cells were then isolated and enriched to near- 
purity. In the weeks after FACS, most P/hCNP2:hGFP-sorted 
cells matured as morphologically and antigenically character- 
istic oligodendrocytes. Thus, the human subcortical white mat- 
ter harbors mitotically competent progenitor cells, which give 
rise primarily to oligodendrocytes in vitro. By using fluorescent 
transgenes of GFP expressed under the control of an early 
oligodendrocytlc promoter, these oligodendrocyte progenitor 
cells may be extracted and purified from adult human white 
matter in sufficient numbers for implantation and cell-based 
therapy. 

Key words: regeneration; myelin; remyelination; cell sorting; 
stem cells; subependyma 



Oligodendrocytes of the adult forebrain are primarily postmi- 
totic. Nonetheless, persistent cycling oligodendrocyte progenitors 
(OPs) have been described in adult rodent subcortical white 
matter (Gensert and Goldman, 1996) and may provide a substrate 
for remyelination after demyelinating injury (Blakemore et al., 
1996; Gensert and Goldman, 1997). In humans, the demonstra- 
tion and identification of persistent subcortical progenitor cells 
have been more problematic. A pro-oligodendrocytic phenotype 
has been described in adult human subcortical white matter, 
although these postmitotic cells may have included mature oligo- 
dendrocytes recapitulating their developmental program after 
dissociation (Armstrong et al., 1992; Gogate et al., 1994). Rare 
examples of oligodendrocytes derived from mitotic division have 
been reported in human subcortical dissociates (Scolding et al., 
1995), and candidate progenitors have been identified in histo- 
logical sections on the basis of PDGFa receptor expression 
(Scolding et al., 1998). Nonetheless, the identification and isola- 
tion of viable mitotic oligodendrocyte progenitors from the adult 
human brain has proven an elusive goal. Indeed, not only have 
mitotically competent adult human OPs not been preparable in 
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the numbers or purity required for their characterization or 
functional engraftment, but their very existence in humans has 
been unclear (Scolding, 1997, 1998). 

To establish the existence and relative incidence of oligoden- 
drocyte progenitors in the adult human white matter, we there- 
fore designed a new strategy for the isolation and enrichment of 
native oligodendrocyte precursors from adult brain tissue. For 
this purpose, we capitalized on a strategy initially developed for 
the identification of neuronal precursor cells in which cultured 
forebrain dissociates were transfected with the gene for green 
fluorescent protein (hGFP) (Chalfie et al., 1994; Levy et al., 
1996), regulated by the early neuronal promoter for Tal tubulin 
(Gloster et al., 1994). This approach permitted the recognition of 
live, fluorescent neuronal progenitor cells in mixed cell culture. 
Fluorescence-activated cell sorting (FACS) then permitted the 
high-yield enrichment and relative purification of these progeni- 
tor cells (Goldman et al., 1997; Wang et al., 1998a). 

In the present study, we extended this strategy to identify and 
purify oligodendrocyte progenitors from adult human subcortical 
white matter. To this end, we used FACS of subcortical cells 
transfected with hGFP placed under the control of the 5' regula- 
tory region of an early oligodendrocytic protein, specifically the 
early promoter (P2) for 2 ',3 '-cyclic nucleotide 3 '-phosphodiester- 
ase (CNP; EC 3.1.4.37) (Vogel et al., 1988; Tsukada and Kurihara, 
1992). CNP protein is one of the earliest known myelin- 
associated proteins to be synthesized in developing oligodendro- 
cytes. It is expressed by newly generated cells of oligodendrocytic 
lineage, even within the ventricular zone, and appears to be 
expressed by their precursors as well, in both rodents and humans 
(Scherer et al„ 1994; Yu et al., 1994; Grever et al., 1997; Peyron 
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Figure 1. The human P/CNP2:hOFP 
vector. Humanized GFP (Levy et al., 
1996), a mutant form of red-shifted GFP 
optimized for expression in human cells, 
was placed under the control of the hu- 
man CNP2 promoter (P/hCNP2) 
(Gravel et al., 1996). To construct 
P/hCW2:hGFP, an Xbal-Xbal frag- 
ment encompassing exon 0 and part of 
intron 1 was isolated from the SK/ 
hgCNP plasmid, which contains the 
complete sequence of the human CNP 
gene (Gravel et al., 1996), and was then 
linked to the hGFP gene fused to the 
SV40 polyadenylation signal. 



et al., 1997; Chandross et al., 1999). Importantly, the 5' regulatory 
region of the CNP gene includes two distinct promoters, P2 and 
PI, which are associated with two distinct RNAs, and are sequen- 
tially activated at different developmental stages (Douglas et al., 
1992; Douglas and Thompson, 1993; Monoh et al., 1993; Scherer 
et al., 1994) (Fig. 1). Only the CNP mRNA transcribed from the 
more upstream promoter, P2, is found in the fetal brain, suggest- 
ing that the P2 promoter (P/CNP2) directs expression to young 
oligodendrocytes and their precursors (O'Neill et al., 1997; 
Gravel et al., 1998). As a result, the CNP2 promoter was chosen 
for this study for its ability to target transgene expression to 
oligodendrocyte progenitors and their immature progeny in ro- 
dents. On this basis, we postulated that the human homolog of the 
CNP2 promoter, P/hCNP2, would similarly target transgene 
expression to human oligodendrocyte progenitor cells. 

We report here that the P/hCNP2 has indeed allowed us to 
direct expression of a reporter gene to oligodendrocyte progen- 
itor cells of the adult human brain and to thereby identify and 
isolate these cells. Plasmids of hGFP under the control of 
P/hCNP2, transfected into dissociated subcortical cultures, iden- 
tified a population of bipolar, primarily A2B5-immunopositive 
(A2B5*) precursor cells. These cells typically incorporated the 
mitotic marker bromodeoxyuridine (BrdU) from the culture me- 
dia and developed oligodendrocyte antigenic expression in vitro. 
Using FACS, we isolated these P/hCNP2;hGFP + cells from 
surgically resected subcortical white matter and observed their 
development into mature, galactocerebroside + oligodendrocytes 
in the weeks thereafter. This strategy has allowed us to establish 
the existence of a distinct class of mitotically competent oligo- 
dendrocyte progenitors in the adult human white matter. In 
addition, P/hCNP2:hGFP-based FACS has enabled us to isolate 
and separate these cells, viably and in high-yield, and in numbers 
and purity sufficient to study their cell biology and suitability for 
engraftment. 

Parts of this paper have been published previously in abstract 
form (Wang et al., 1998b). 

MATERIALS AND METHODS 

Plasmid construction 

PlhCNP2:hGFP and PlhCNP2:\acZ. hGFP, a mutant form of GFP opti- 
mized for expression in human cells (Levy, 1996), was placed under the 
control of the human CNP2 promoter (Douglas et al., 1992; Monoh et 



al., 1993; Gravel et al., 1996). The human CNP gene had been isolated 
previously (Gravel et al., 1996) by screening a human fibroblast genomic 
library with a cDNA probe for rat CNP1 (Bernier et al., 1987). The 
human CNP gene was then subcloned into pBluescript, and the resultant 
plasmid was designated SK/hgCNP. This plasmid was digested withifc/n 
and Xhol to delete much of the gene downstream of the promoter region. 
The remaining Sg/II and Xhol ends were then filled in and blunt-end 
ligated, yielding plasmid SK/PlP2hCNP, in which both Bgfll and Xhol 
were regenerated. A 1123 bp Xhol-Xhol fragment containing SV40 
SD/SA-GFPh-SV40 poly(A + ) was then excised from pTal:hGFP (Wang 
et al., 1998) and subcloned into A7ioI-digested SK/PlP2hCNP to gener- 
ate the plasmid P/PlP2hCN P.hGFP. The orientation of the hGFP insert 
was then determined by restriction enzyme mapping. 

To construct P/hCNP2:hGFP, the Tal tubulin promoter region was 
excised from pP/Tal:hGFP using Xbal and replaced with the hCNP2 
promoter obtained by digesting SK/hgCNP withJSf/xil. The orientation 
of the P/hCNP2 insert was also determined by restriction enzyme map- 
ping. Similarly, P/hCNP2JacZ was constructed by removing the Tal 
promoter from the Tal JacZ (Wang et al., 1998a) with Xbal, and replac- 
ing it with the Xbal-Xbal fragment containing the hCNP2 promoter. 
P/CMV:hGFP was constructed as reported previously (Wang et al., 
1998a). 

Adult human brain white matter dissociation and culture 
Adult human brain tissues, obtained freshly in the course of surgical 
resection, were collected directly into Ca 2 "7Mg 2+ -free HBSS. The white 
matter was dissected from the rest of the tissue, cut into pieces of ~2 mm 
on edge, or 8 mm 3 , and rinsed twice with PIPES solution (in mtl: 120 
NaCl, 5 KC1, 25 glucose, and 20 PIPES). It was then digested in 
prewarmed papain-PIPES solution (11.4 U/ml papain; Worthington, 
Freehold, NJ) and DNase I (10 U/ml; Sigma, St. Louis, MO), on a 
rocking shaker for 1 hr at 37°C. The tissue was then collected by 
centrifuging at 200 x g in an I EC Centra-4B centrifuge, resuspended in 
DMEM-F-12-N2 with DNase I (10 U/ml), and incubated for 15 min at 
37°C. The samples were again spun, and their pellets were recovered in 
2 ml of DMEM-F-12-N2. They were then dissociated by sequentially 
triturating for 20, 10, and 5 times, respectively, through three glass 
Pasteur pipettes fire polished to decreasing bore diameters. Undissoci- 
ated tissue pieces were eliminated by passage through a fine 40 jim mesh. 
The cells were collected and rinsed once with DMEM-F-12-N2 contain- 
ing 20% plasma-derived FBS (PD-FBS; Cocalico Biologicals, Reams- 
town, PA) to stop the enzymatic dissociation and then resuspended at 
1 x 10 7 cells/ml in DMEM-F-12-N2 containing 10% FBS. The cell 
suspension was plated at 0.1 ml/dish into 35 mm Falcon Primaria plates 
coated with laminin (2 /xg/cm 2 ) and incubated at 37°C in 5% C0 2 . After 
4 hr, an additional 0.7 ml of DMEM-F-12-N2 with 2% PD-FBS was 
added into each plate. This medium was supplemented with PDGF AA 
(20 ng/ml; Sigma), FGF-2 (20 ng/ml; Sigma), NT-3 (20 ng/ml; Regen- 
eron Pharmaceuticals, Tarrytown, NY), and BrdU (10 jig/ml). Cultures 
were transfected after 2-6 d in vitro (DIV). After transfection, the 
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Figure 2. Adult human white matter harbors 
oligodendrocyte progenitors. Immunocyto- 
chemistry of white matter dissociates for a 
panel of cell type-selective antigens revealed a 
diverse representation of phenotypes before 
sorting. A-C, A typical bipolar cell, double- 
labeled for A2B5 (red) and BrdU (yellow), 
fixed after 4 DIV. D-F. A cluster of postmitotic 
04 * cells (D, E) and an overtly less mature 
BrdU-incorporating 04*/BrdU* cell (F), all 
feed after 7 DIV. G-l, Representative exam- 
ples of the diverse phenotypes present in the 
adult white matter. These included cells ex- 
pressing CNP (G), GFAP (H). and TuJl (/) 
immunoreactivities, which respectively identify 
oligodendrocytes, astrocytes, and neurons; 
each cell type was found in the proportion 
noted in Results. Scale bar, 40 /xm. 




Figure 3. P/hCNP2:hGFP identifies a population of bipolar, 
A2B5* cells. GFP expression was observed within 4-5 d 
after transfection. The P/hCNP2:hGFP* cells typically first 
appeared as small, bipolar cells. A-F, P/hCNP2:hGFP- 
expressing cells (A, C, E) and their corresponding phase 
contrast micrographs (B, D, H ). E. F, lmmunocytochemistry 
identified the P/hCNP2:hGFP + bipolar cells as A2B5 ' : G 
indicates double-labeling of the two. Inset in H shows that this 
cell incorporated BrdU. Scale bar, 30 urn. 
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cultures were switched to serum-free DMEM-F-12-N2, with maintained 
growth factor and BrdU supplementation until FACS. 

Transfection 

All plasmid constructs were introduced into the cultured cells by liposo- 
mal transfectiort, as described previously (Wang et al., 1998a). Briefly, 
2-6 d after plating, each 35 mm dish received a mixture of 2 ng of 
piasmid DNA and 10 pi of lipofectin in OPTI-MEM (Life Technologies, 
Gaithersburg, MD). The cells were incubated at 3TC in 5% CO : -95% 
air for 6 hr. The transfections were terminated with DMEM-F-12-N2 
containing 10% PD-FBS. After 2 hr, the cells were returned to serum 
free DMEM-F-12-N2 with PDOF AA, NT-3, and FGF2. Imaging for 
hGFP was first done 2 d after transfection and daily thereafter using an 
Olympus (Tokyo, Japan) 1X70 epifluorescence microscope. The greatest 
number and proportion of GFP* cells were observed 6-7 d after trans- 
fection; cultures were therefore sorted at that time point. 

Flow cytometry and sorting 

Flow cytometry and sorting of hGFP* cells was performed on a FACS 
Vantage (Becton Dickinson, Cockeysville, MD). Cells (5 x l0 6 /ml) were 
analyzed by light forward and right angle (side) scatter and for GFP 
fluorescence through a 530 ± 15 nm bandpass filter as they traversed the 
beam of an argon ion laser (488 nm, 100 mW). P/hCNP2:iicZ- 
transfected control cells were used to set the background fluorescence; a 
false positive rate of 0.02 ± 0.05% was accepted to ensure an adequate 
yield. For the test samples transfected with P/hCNP2:hGFP, cells having 
fluorescence higher than background were sorted at 3000 cells/sec. 
Sorted cells were plated onto laminin-coated 24-well plates, into 
DMEM-F-12-N2 containing PDGF-AA, NT-3, and FGF2, each at 20 
ng/ml. After 4 d, some plates were fixed for immunocytochemistry, and 
the remainder was switched to DMEM-F-12-N2 containing 10% PD- 
FBS. After an additional 3 weeks in vitro, the sorted cells were stained for 
either CNP, 04, TuJl, or glial fibrillary acidic protein (GFAP) immu- 
noreactivities; each was double-stained for BrdU as well. 

Data analysis 

Experimental end points included the proportion of A2B5-, 04-, CNP-, 
GFA-, and TuJl-immunoreactive cells in the total sorted population (all 
nominally GFP + after sorting), as a function of time after FACS. At 
each sampled time point, the respective proportions of A2B5 + , 04*, 
CNP*, GFA + , and /8111-tubulin/TuJl * cells were compared with each 
other and with unsorted controls that were similarly dispersed but re- 
plated without sorting (after adjusting their cell densities to those of the 
post-FACS sorted pool). For each combination of treatment (sorted or 
unsorted), time point (4 d and 3-4 weeks after FACS), and immunolabel 
(A2B5, 04, CNP, TuJl, and GFA), the number of stained and unstained 
cells were counted in 10 randomly chosen fields, in each of three tripli- 



Imrnunocytochemistry 

Cells were immunostained live for A2B5 or 04 (Bansal et al., 1989), or 
after fixation with 4% paraformaldehyde, for CNP, TuJl, GFAP, or 
BrdU. Selected plates were also stained for CD68 or factor VIII, anti- 
genic markers of microglial and endothelial cells, respectively (Kirschen- 
baum et al., 1994; Rafii et al., 1995). For A2B5 or 04 immunocytochem- 
istry, plates were washed twice with DMEM-F-12-N2 and then blocked 
with DMEM-F-12-N2 containing 5% normal goat serum (NGS) for 10 
min at 4°C. Monoclonal antibody (mAb) A2B5 (clone 105; American 
Type Culture Collection, Manassas, VA) was used as an undiluted 
culture supernatant, and mouse mAb 04 (Boehringer Mannheim, Indi- 
anapolis, IN) was used at 1:200. Both were applied in DMEM-F-12-N2 
for 30 min at 4°C. The plates were then washed with three changes of cold 
HBSS containing 1% NGS. The secondary antibody, Texas Red- 
conjugated goat anti-mouse IgM was used at a dilution of 1:50 for 30 min 
at 4°C. The cells were then washed and fixed with cold 4% paraformal- 
dehyde for 10 min, washed, mounted in SlowFade, and observed using an 
Olympus 1X70 equipped for epifluorescence. Immunocytochemistry for 
GFAP and TuJl was performed according to described methods (Wang 
et al., 1998a), as was that for TuJl and BrdU (Luskin et al., 1997), CD68 
(Kirschenbaum et al., 1994), and factor VIII (Leventhal et al., 1999). 
Selected cultures were also stained for the more mature oligodendrocyte 
antigens 01 and galactocerebroside, as described previously (Bansal et 
al., 1989). 



RESULTS 

Dissociates of adult human white matter harbored a 
pool of bipolar, A2B5 + cells 

To fully characterize the cell phenotypes resident in adult human 
white matter, papain dissociates of surgically resected frontal and 
temporal capsular white matter were obtained from eight pa- 
tients. These included four males and four females, who ranged 
from 24 to 65 years old. Three patients had temporal lobe resec- 
tions for medication refractory epilepsy; two were subjected to 
decompressive resection during or after extra-axial meningioma 
removal, two samples were taken during aneurysmal repair, and 
one was taken from the non-neoplastic approach to a histologi- 
cally benign ganglioglioma. The monolayer cultures resulting 
from these white matter dissociations were stained after 5-7 DIV 
for either of two oligodendrocytic markers, which included the 
epitopes recognized by the A2B5 and 04 antibodies. Additional, 
matched cultures were stained after 14 DIV for A2B5, 04, or 
oligodendrocytic CNP protein, and for either neuronal (/3HI- 
tubulin) or astrocytic (GFAP) target antigens. 

In the 14 DIV dissociates of subcortical white matter, 48.2 ± 
10.7% of the plated cells expressed the oligodendrocytic epitope 
recognized by mAb 04 (« = 3 patients, with a total of 935 04 * 
cells among 2041 scored white matter cells; mean ± SD) (Fig. 2). 
In matched plates, 49.9 ± 4.9% were immunoreactive for oligo- 
dendrocytic CNP protein, and 7.3 ± 3.2% expressed astrocytic 
GFAP. Double-labeling of selected plates revealed that the CM * 
and CNP + pools were primarily overlapping, with a small pro- 
portion of CNP + /04-negative (04") cells. In contrast, the 
GFA* cells only rarely colabeled as 04 + . A small proportion of 
TuJl + neurons (5.2 ± 2.2%) was also observed, as were factor 
VHI-immunoreactive endothelial cells (11.7 ± 8.9%) and CD68 * 
microglia (19.9 ± 5.5%). Through 30 DIV, the proportions of 
oligodendrocytes and neurons in these cultures remained approx- 
imately stable, with 51.3 ± 7.0% 04 + cells and 6.0 ± 2.1% 
TuJl + cells, respectively. In contrast, the proportion of GFA- 
deflned astrocytes in these cultures increased from 7.3 ± 3.2% at 
14 DIV to 15.9 ± 1.4% at 30 DIV (p < 0.01 by Student's / test). 

Notably, a distinct population of small bipolar cells, which 
expressed A2B5 but which otherwise expressed neither neuronal 
nor oligodendrocytic phenotypic markers, was observed; these 
constituted 1.8 ± 0.4% (n = 5 patients) of all cultured white 
matter cells at 7 d. However, these cells became scarcer with time 
in vitro by 30 DIV, and A2B5* cells constituted <0.1% of the 
total cultured cell pool. 

The CNP2 promoter targeted GFP expression to a 
bipolar, A2B5+ phenotype 

To identify either oligodendrocyte progenitor cells or their im- 
mature progeny, white matter dissociates were next transfected 
after 2-6 d with plasmids encoding P/hCNP2:hGFP. Within 4 d 
after transfection with P/hCNP2:hGFP, a small proportion of 
GFP + cells were noted. These were invariably small, bipolar cells 
and constituted <1% of the total cell pool (Fig. 3). After an 
additional 4-7 d in vitro, the cultures were immunostained for one 
of three oligodendrocyte lineage markers, which included A2B5, 
04, and CNP protein, or for either astrocytic GFAP or neuronal 
0111-tubulin. At that point, the GFP + cells could generally be 
described as A2B5 + /04 ± /GFAP"/TuJl 62.5 ± 8.8% of 
P/hCNP2:hGFP + cells expressed A2B5-IR, 21.1 ± 7.5% were 
04 + , and another 7.3 ± 3.2% expressed astrocytic GFAP. None 
were recognized by mAb TuJl, which targets neuronal 0111- 
tubulin (Menezes and Luskin, 1994). Thus, within the first 7-10 
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Identification and Enrichment of Oligodendrocyte 
Progenitor Cells from Adult Human Forebrain 



Figure 4. Culture, isolation, and enrich- 
ment of oligodendrocyte progenitors. Adult 
human subcortical white matter, derived 
from surgical samples of frontal and tempo- 
ral lobe, was dissected and enzymatically 
dissociated using papain and DNase and 
then cultured and transfected with either 
P/hCNP2:hGFP or control plasmids (P/ 
CMV:hGFP and P/hCNP2JocZ). 




(A2BS704*/GFAP1 (A2B5VBrtU TO4')(A2*5 VBrtU TO4 



d in culture, P/hCNP2:hGFP selectively identified a population 
of bipolar, A2B5 + cells. When followed over the weeks thereaf- 
ter, most of these P/hCNP2:hGFP + cells developed into oligo- 
dendrocytes, which could be recognized by their small, multipo- 
lar, heavily branching profiles. Indeed, by 4 weeks, most 
P/hCNP2:hGFP + cells expressed 04, whereas only rare cells 
(<1%) continued to express A2B5 immunoreactivity. 

P/hCNP2:hGFP-identified cells were mitotic in vitro 

Among white matter dissociates continuously exposed to BrdU 
and transfected with pP/hCNP2:hGFP on day 4 in vitro, 55 ± 
14.8% of the resultant P/hCNP2:hGFP + cells incorporated 
BrdU by day 7 (n = 30 plates, derived from three patients) (Fig. 
3). Similarly, 43.1 ± 9.1% (n = 5 plates) of the A2B5 + cells in 
matched plates incorporated BrdU over the same time period. 
Morphologically, essentially all of these A2B5 + and BrdU + cells 
were bipolar at 1 week (Fig. 2). In contrast, the large majority of 
morphologically mature oligodendrocytes failed to incorporate 



BrdU in vitro. Only 2.1 ±1.1% of 04 + cells labeled with BrdU to 
which they were exposed during the first week in culture, and 
these few 04 + cells may have just arisen from A2B5 * forebears. 

P/hCNP2;hGFP-based FACS yielded a distinct pool of 
bipolar, A2B5 * progenitors 

Using sorting criteria intended for cell type purification, the 
P/hCNP2-driven GFP + cells were then enriched and cultured 
separately (Fig. 4). Immediately after FACS, P/hCNP2:hGFP- 
scparated cells primarily expressed A2B5-IR. Furthermore, the 
majority of these A2B5 + cells were found to have incorporated 
BrdU from their culture medium before FACS, indicating their 
mitogcnesis in vitro (Fig. 5). Within the week after sorting and 
with concurrent transfer to higher serum media, most of the 
sorted cells developed 04 expression and lost A2B5-IR. 

Notably, P/hCNP2:hGFP-separable cells were not rare. 
Among seven patients whose white matter dissociates were trans- 
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Figure 5. Isolation of P/hCNP2:hGFP + cells by FACS. A and B shows 
a representative sort of a human white matter sample, derived from the 
frontal lobe of a 42-year-old woman during repair of an intracranial 
aneurysm. This plot shows 50,000 cells (sorting events) with their GFP 
fluorescence intensity (FL1), plotted against their forward scatter (FSC, a 
measure of cell size). A indicates the plot obtained from a nonfluorescent 
P/hCNP2JfleZ-transfected control, whereas B indicates the correspond- 
ing result from a matched culture transfected with P/hCNP2:hGFP. The 
boxed area (Rl andRZ) includes those P/hCNP2:hGFP + cells recognized 
and separated on the basts of their fluorescence emission. The many cells 
thereby recognized in the P/hCNP2:hGFP-transfected sample (B) con- 
trasts to the rare ecus so identified in the nonfluorescent P/hCNP2JacZ- 
transfected control {A). C and D show phase and fluorescence images of 
GFP + cells 2 hr after sorting. Scale bar, 20 itxn. 

fected with P/hCNP2:hGFP, 0.59 ± 0.1% of all subcortical cells 
expressed the transgene and could be separated on that basis. As 
a result, typically >2000 pCNP2:hGFP + cells (2382 ± 944) were 
obtained from sorts that averaged 352,000 gated cells (Fig. 6). 
Plasmid transfection favored transgene expression by 
mitotic targets 

The incidence of progenitor cells in the adult white matter may be 
estimated from the frequency of P/hCNP2-defined cells in these 
cultures, once the transfection efficiency of this cell population is 
known relative to the overall white matter cell population. In this 
regard, our net transfection efficiency, determined using P/CM V: 
hGFP, was 13.5 ± 2.2% (n = 3 plates; 10 low-power fields of each 
were scored). This suggested that approximately one cell in eight 
was successfully transfected with the promoter-driven reporter. 
On this basis, we estimated that oligodendrocyte progenitor cells 
might comprise as many as 4% (0.59% X 1/0.135 = 4.37%) of all 
cells in the subcortical white matter. However, this figure needs to 
be viewed cautiously, because it assumes that all cells in these 
cultures were transfected and expressed the plasmid vectors with 
equal efficiency, regardless of their phenotype or mitotic compe- 
tence. To test this assumption, we exposed a sample of white 
matter cultures to BrdU, and 3 d later, transfected them with a 
plasmid of GFP regulated by the constitutively active cytomega- 
lovirus (CM V) promoter (P/CM V:hGFP) (n = 3 plates, with 15 
fields from each scored). One week later, the cultures were fixed, 
and the relative proportions of mitotic (BrdU + ) and postmitotic 
(BrdU") GFP + transfectants were determined. 



In keeping with the postmitotic nature of mature oligodendro- 
cytes, only 16.1 ± 1.2% of the cells in unsorted white matter 
cultures had incorporated BrdU by 10 d in vitro (n = 20 fields; 
mean ± SEM). In these same cultures, 9.4 * 1.0% of the cells 
expressed GFP placed under the control of the CM V promoter. 
Remarkably, however, 78.3 ± 6.5% of these GFP + cells were 
BrdU + ; this value was over fourfold greater than the BrdU 
labeling index of the total cell population (p < 0.01 by Fisher's 
exact test). These data suggested that the transduction efficacy of 
dividing cells in these cultures was substantially higher than that 
of postmitotic cells. This in turn suggested that mature oligoden- 
drocytes were either transduced with less efficiency or exhibited 
less efficient transgene expression than mitotically competent 
oligodendrocyte progenitor cells. As a result, although the 
P/CNP2 promoter might have been expected to drive transgene 
expression in oligodendrocytes as well as their progenitor cells, 
the greater transfection efficiency of dividing cells would have 
restricted CNP2:hGFP expression to mitotic cells in the oligo- 
dendroglial lineage, resulting in selective GFP expression by the 
oligodendrocyte progenitor pool. Thus, the enhanced transfec- 
tion and expression of episomal plasmids in dividing cells, com- 
bined with the restriction of P/CNP2 transcriptional activation to 
oligodendrocyte progenitors and their daughters, appeared to 
collaborate to account for the selective expression of P/CNP2: 
hGFP by these adult human oligodendrocyte progenitor cells. 

P/hCNP2:hGFP + -sorted ceils matured primarily, but 
not exclusively, into oligodendrocytes 

Whether mitotic or postmitotic when transfected, the majority of 
P/hCNP2-sorted cells developed and matured as oligodendro- 
cytes. By 3 weeks after FACS, 74.1 ± 7.7% of these cells ex- 
pressed oligodendrocytic CNP protein; a matched sample of 
sorted cells stained after 3 weeks in vitro for 04 yielded 66.3 ± 
6.8% 04-IR cells, most of which colabeled for the more mature 
marker galactocerebroside (Fig. 7). Nonetheless, concurrent de- 
velopment of nonoligodendrocydc phenotypes was also noted 
after FACS purification, albeit at lower frequency than oligoden- 
drocytes; immediately after sorting, 6.5 ± 5.4% of the sorted cells 
expressed GFAP, and 11.0 ± 4.6% were GFAP + by 3 weeks in 
vitro. These were not simply false positive contaminants because 
most were observed to express P/hCNP2:hGFP fluorescence. No 
P/hCNP2:hGFP + neurons, as defined by concurrent TuJl/£IH- 
tubulin-IR, were observed immediately before FACS. Surpris- 
ingly however, 7.5 ± 4.4% of P/hCNP2:hGFP-sorted cells were 
noted to mature into /3111-tubulin/TuJl + neurons in the week 
after sorting. These TuJl + cells were similarly confirmed visually 
as expressing P/hCNP2:hGFP (Fig. 8). Importantly, the presence 
of these sporadic P/hCNP2:hGFP + neurons and astrocytes after 
FACS suggests that P/hCNP2-defined progenitors may harbor or 
retain latent multilineage potential, which may be excercised in 
the low-density, homogeneous cellular environment of the sorted 
pool. 

DISCUSSION 

These data indicate that the adult human subcortex harbors a 
population of residual, mitotically competent oligodendrocyte 
progenitor cells. The cells constitute a discrete population of 
bipolar blasts, distinct from mature oligodendrocytes. The pro- 
genitors are mitotically competent, and as such, distinct from the 
much larger population of mature, apparently postmitotic oligo- 
dendrocytes. These cells were antigenically immature (A2B5 "*7 
04~) when isolated but matured (04 + /01 + ) over several weeks 
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Figure 6. P/hCNP2:hGFP-sorted cells divide and express oligodendrocytic markers. A-C, A bipolar A2B5 */BrdU + cell 48 hr after FACS. D-F, Within 
3 weeks, the bipolar cells matured into fibrous, 04 * cells. These cells often incorporated BrdU, indicating their in vitro origin from replicating A2B5 * 
cells. G-I, A multipolar oligodendrocyte expressing CNP, still expressing GFP 3 weeks after FACS. Scale bar, 20 jim. 



in culture. Cell-specific targeted reporting, achieved by transfect- 
ing the overall white matter pool with plasmids of GFP placed 
under the control of the early promoter for oligodendrocytic 
CNP, allowed the live-cell identification of these progenitor cells. 
This in turn provided a means for their isolation and purification 
by fluorescence-activated cell sorting based on P/hCNP2-driven 
GFP expression. 

The nature of the adult white matter progenitor pool 

P/hCNP2-defined oligodendrocytic progenitors were not rare. By 
our sorting criteria, they constituted as many as 4% of cells in the 
adult human white matter. This figure is marginally greater than 
previous estimates based on histological identification of 
PDGFaR expression (Scolding et al., 1998). However, our exper- 
iments may have selected for smaller, less fibrous cells, which 
might be the most capable of surviving tissue dissociation and 
sorting. Such a bias might have tended to overestimate the inci- 
dence of competent progenitor cells in the parenchymal dissoci- 
ates, so that 4% should be viewed as an upper limit estimate of 
the incidence of progenitor cells in human subcortical white 
matter. Nonetheless, the relative abundance and ubiquity of these 
cells suggest that they may play an important role in the mainte- 
nance and function of the normal adult white matter. In rats, a 
substantial proportion of the white matter cell population is 
cycling at any one time (Gensert and Goldman, 1996). These cells 
may be recruited to oligoneogenesis in the event of demyelinating 
injury (Gensert and Goldman, 1997), and they may be induced to 
divide in vitro by combinations of factors to which they are 
responsive in development (McMorris and McKinnon, 1996; Shi 
(let al., 1998). Salient differences have been noted in the factor 
.responsiveness of oligodendrocyte progenitors in adult rats and 



I humans, so that the implications of studies on rodent -derived OPs 
If for human oligodendrocyte progenitor biology remain unclear 
/ (Scolding, 1998). Nonetheless, the presence of such a large pool 
of mitotically competent progenitors in humans suggests that 
some degree of oligodendrocytic turnover may be occurring in 
the subcortical white matter. This in turn suggests the possible 
replacement of damaged or dysfunctional postmitotic oligoden- 
drocytes by progenitor-derived recruits. Recent advances in our 
understanding of both the humoral and contact-mediated control 
of oligodendrocyte progenitor expansion in rodents (Shi et al., 
1998; Wang et al., 1998c) argue that these endogenous progeni- 
tors will prove attractive targets for exogenous activation. 

Ontogeny and lineage of parenchymal 
oligodendrocytic precursors 

Neural precursor cells are widespread in the subependymal zone 
of the forebrain ventricular lining (Goldman and Nottebohm, 
1983; Lois and Alvarez-Buylla, 1993; Luskin, 1993; Morshead et 
al., 1994; Kirschenbaum et al., 1994; Kirschenbaum and Gold- 
man, 1995; Pincus et al., 1998) (for review, see Goldman, 1998; 
Goldman and Luskin, 1998). At least some of these cells may 
manifest glial antigenicity in situ (Doetsch et al., 1999). Whether 
the P/hCNP2:hGFP-defined subcortical precursors described 
here are coderived with the subependymal progenitor pool is 
unknown. It is also unclear whether the P/hCNP2-defined pre- 
cursors constitute committed oligodendrocyte precursors or 
whether they are more intrinsically pluripotential and generate 
given lineages as a function of the environment to which they are 
exposed. The latter possibility is suggested by the small propor- 
tion of P/hCNP2:hGFP + cells that were found to be GFAP + 
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Figure 7. FACS-sorted P/hCNP2:hGFP + cells mature pri- 
marily as oligodendrocytes. A, B, P/hCNP2:hGFP-sorted 
cells express 04 (red) and begin process elaboration within 
4 d after FACS. C, D, By 2 weeks after FACS, these cells 
generally develop multipolar morphologies. Red, 04- 
lmmunoreactive cells. E, F, Progenitor derived-cells matured 
further over the following weeks, developing oligodendro- 
cyte morphologies and both CNP protein (£) and galacto- 
cerebroside (F) expression by 4 weeks in vitro. Scale bar, 
30 jim. 



astrocytes upon immunostaining; many of these never developed 
expression of any oligodendrocytic marker and appeared instead 
to be astrocytes. This suggests that the P/hCNP2-defined pro- 
genitor pool may constitute a bipotential astrocyte-oligodendro- 
cyte progenitor, which may yield primarily oligodendrocytic prog- 
eny by virtue of the culture conditions we used. As such, this cell 
type may well be analogous to its A2B5-defined counterparts in 



both the perinatal and adult rat optic nerve (Noble et al., 1992; 
Butt and Ransom, 1993; Colello et al., 1995; Shi et al., 1998). 

White matter oligodendrocyte precursors may 
constitute a pool of multipotential progenitor ceils 

Whether these cells might also be competent to generate neurons 
remains unclear. No P/hCNP2:hGFP + cells were found to ex- 



Figure 8. White matter precursor cells 
may constitute a pool of multipotential 
progenitors. By 1 week after FACS, some 
P/hCNP2:hGFP-sorted cells were noted 
to mature into either TuJl + neurons (A) 
or GFAP + astrocytes (B). Both the 
TuJl + (red in A) and GFAP* (red in B) 
cells were confirmed visually as express- 
ing P/hCNP2:hGFP (green). No such 
neuronal differentiation of CNP2:hGFP- 
identified cells was ever noted in unsorted 
plates, within which these cells generally 
matured as oligodendrocytes and much 
less so as astrocytes. This suggests that 
P/hCNP2-defined progenitors may retain 
some degree of multilineage potential, 
which may be selectively exercised in the 
low-density, homogeneous environment of 
a sorted cell pool in which paracrine influ- 
ences on differentiation are minimized. 
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press neuronal Tu.fl in unsoited white matter cultures, of --21100 
hCil-T* cells studied. Nonetheless, a small number <>t TuJI * cells 
were noted to develop in I'/M'NI'ZihGIT'-sorted cultures, and 
these TuJ 1- defined neurons were confirmed as lVh('NP2:h( if t* * 
and were not nonllumeseent contaminants of the sorts. Thus, 
with time in vitro, particularly in the mitngenic KiF2/PDGF/NT3 
environment provided here, it remains possible that these cells 
retain or regain a capacity for muHilincagc differentiation, as in 
development (Williams et al„ 1<J91; Davis and Temple, 1>«4). 
Importantly, we only noted P.*hCNP2:hGFP-dehned cells to ma- 
ture as neurons after high-grade enrichment by sorting. 'I hus. the 
multilmeage potential <>t these cells might be preferentially exer- 
cised after their isolation from other cell types in low-density 
culture. As such, the telative fidelity to oligodendrocyte pheno- 
type bv P<'hCNP2:hGFP-detined cells in the initial white matter 
dissociates, before FAf'S, might reflect an initial restriction of 
piogenitor phenotype by paracrine and/oi density-dependent in- 
fluences in ram. Removal and sorting of these cells to low- 
density, phenotypically homogeneous culture might effectively 
remove such paracrine restrictions, in essence revealing a multi- 
potential progenitor cell in the adult subcortical parenchyma. 

Implantation for the treatment of 
demyelinating diseases 

The high-yield acquisition of oligodendrocyte progenitoi cells 
from the adult human white matter may allow us to better define 
those growth and differentiation requirements specific to these 
cells. The potential use of these cells as substrates for induced 
remyelination. whether upon endogenous activation or engraft - 
ment. suggests therapeutic strategies appropriate to a variety of 
white matter diseases. These potential therapeutic targets include 
ischemic demyelination, as in subcortical lacunar infarction and 
hypertensive leukoencephalopathy, postinflammatory demyelina- 
tions, such as radiation necrosis and remitted multiple sclerosis, as 
well as the degenerative and metabolic leukodystrophies. 

Together, these observations suggest that a phenotypically dis- 
tinct pool of oligodendrocyte progenitor cells persists in relative 
abundance in the adult human white matter. P,'h( 'N P2:h( >I"P- 
based FACS permits their viable harvest in sufficient numbers 
and purity to enable their potential use in cell-based therapeutic 
strategies. 
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A distinct population of white matter progenitor cells 
(WMPCs), rjompetent but not committed to generate oii- 
godendrocytes, remains ubiquitous In the adult human 
subcortical white matter. These cells are present in both 
sexes and into senescence and may constitute as much 
as 4% of the cells of adult human capsular white matter. 
Transduction of adult human white matter dissociates 
with plasmlds bearing early oligodendrocytic promoters 
driving fluorescent reporters permits the separation of 
these cells at high yield and purity, as does separation 
based on their expression of A2B5 immunoreactivrly. 
Isolates of these cells survive xenograft to tysoieclthln- 
dernyelinated brain and migrate rapklty to infiltrate these 
lesions, without extending Into normal white matter. 
Within several weeks, implanted progenitors mature as 
oligodendrocytes, and develop myelin-associated anti- 
gens. Lentlviral tagging with green fluorescent protein 
confirmed that A2B5-sorted progenitors develop myelin 
basic protein expression within regions of demyeilnatlon 
and that they fal to migrate when implanted into normal 
brain. Adult human white matter progenitor cells can thus 
disperse widely through regions of experimental demyeli- 
nation and are able to differentiate as myeBnating oligoden- 
drocytes. This being the case, they may constitute appro- 
priate vectors for cell-based remyelinatfon strategies. 



Glial progenitor cells biased toward oligodendrocytic 
production persist within the adult human white matter 
and may be isolated and propagated as such (for review see 
Goldman, 2001). These cells appeared to correspond, in 
both function and phenotype, to analogous progenitors in 
the adult rodent white matter, whose pbenotypic potential 
had been previously established in vitro (Wolswijk and 
Noble, 1989) and validated by retroviral lineage analysis in 



vivo (Gensert and Goldman, 1996, 1997; Levison and 
Goldman, 1999). The existence of postmitotic pro- 
oligc*kndrocytes had previously been determined and 
characterized in the early 1990s by Dubois-Dalq and her 
colleagues in a series of elegant studies (Armstrong et al.. 
1992; Gogate et al., 1994), and these cells were subse- 
quently identified and mapped histologically (Scolding et 
al.. 1998). However, mitotically competent progenitors 
capable of giving rise to oligodendrocytes were not iso- 
lated from adult human brain tissue until later (Roy et al., 
1999), when promoter-based sorting permitted the isola- 
tion of rare or otherwise haraVto-distmguish progenitor 
cells from native tissues. In this approach, fluorescent 
reporters such as green fluorescent protein (GFP) are 
placed under the control of promoters tor genes selectively 
expressed in the progenitor cells of interest (Wang et al., 
1998). The chimeric promoter-driven GFP transgenes are 
then either transfected or infected into the cell population 
containing the target progenitor cell, and, upon GFP 
expression by the cells of interest, the progenitor pool is 
then extracted by fluorescence-activated cell sorting 
(FACS). This approach has allowed the identification and 
isolation of rare neural progenitor cell populations from 
the ventricular zone and hippocampus, from both fetal and 



y to this study. 
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adult human samples (Wang et al.. 1998, 2000; Roy et al., 
2000a,b; Keyoung et al., 2001). 

To determine whether adult human white matter 
might harbor oligodendrocyte progenitor cells, we con- 
structed plasmid vectors containing the early promoter for 
the oligodendrocyte protein cyclic nucleotide phosphodi- 
esterase, placed 5' to the coding region for human GFP 
(hGFP). When we transfected this construct into dissoci- 
ates of the adult human capsular white matter, we ob- 
served that P/CNP2:hGFP was expressed initially by only 
a single, morphologically and antigenically discrete class of 
bipolar cells (Roy et al., 1999). These cells were rnitoti- 
cally competent, in that they incorporated bromode- 
oxyuridine (BrdU) and continued to proliferate in low- 
serum base medium containing fibroblast growth fector-2 
(FGF2), platelet-derived growth factor (PDGF), and 
neurotrophin-3 (NT-3). Among the P/CNM-.hGFP 4 " 
cells, most initially expressed the early oligodendrocytic 
marker A2B5 but failed to express the more differentiated 
markers 04, Ol. or gaiactocerebroside. Some expressed 
astrocytic glial fibrillary acidic protein (GFAP), but none 
expressed neuronal markers when identified by their GFP 
fluorescence in mixed, unsorted cultures. When FACS 
was used to purify these P/CNP2:hGFP + cells, most were 
found to mature as oligodendrocytes, progressing through 
a stereotypic sequence of A2B5, 04, Ol, and gaiactoce- 
rebroside expression (Roy et al., 1999), as during devel- 
opment (Noble, 1997). However, occasional neurons 
were also noted to arise from these cells, particularly in 
low-density preparations following high-purity FACS, a 
condition under which sorted progenitors are largely de- 
void of autocrine and paracrine growth factors. Thus, the 
nominally glial progenitor of the adult white matter might 
actually represent a multipotential neural progenitor cell, 
restricted to the glial and oligodendrocytic lineage by the 
local white matter environment. As a result, we have 
designated these cells white matter progenitor ceils (WMPCs), 
rather than simply glial progenitors, in recognition of their 
intrinsically broad lineage potential. Importantly, these 
cells are not rare: By cytometry based on P/CNP2-driven 
GFP, WMPCs made up over 0.4% of the sorted white 
matter cell pool (Roy et al., 1999). With correction for an 
average plasmid transfection efficiency of 13%, over 3% of 
dissociated white matter cells might be competent to serve 
as progenitor cells. 

In the present study, we sought to assess the engraft- 
ability and myelinogenic competence of these cells when 
introduced into a region of central demyelination. To this 
end, we employed a lysolecithin model, in which we 
injected human WMPCs into the lesioned adult rat brain 
and then assessed the integration, phenotypic maturation, 
and myelinogenic competence of the implanted human 
cells in the environment of the lesioned adult rodent white 
matter. In addition, we sought to achieve a higher yield 
means of separating these progenitor cells from surgical 
samples of the adult white matter, to increase the feasibility 
of using them in experimental transplantation. 



MATERIALS AND METHODS 
Adnlt Human Whit* Matter Dissociation and Culture 

Surgically resected adult human brain tissue samples were 
obtained from five patients ranging from 22 to 49 years old (two 
males with aneurysms, a female with a geographically distant and 
histologically circumscribed hemangioma, a female with tem- 
poral lobe epilepsy, and a male with an arteriovenous malfor- 
mation). Surgical resections of forebrain white matter were 
collected in Ca J+ /Mg 2+ -free Hank's balanced salt solution 
(HBSS), minced, rinsed twice in PIPES (in mM: 120 NnCl, 5 
KCi, 25 glucose, and 20 PIPES), and digested in papain-PIPES 
(11.4 U/ml papain; Worthington, Freehold, NJ) and DNase I 
(10 U/ml; Sigma, St. Louis, MO) on a rocker at 37°C for 1.5 hr. 
The cells were collected by cenoifugation at 200g in an IEC 
Centra-4B centrifuge, resuspended in Dulbecco's modified Eagle's 
medium (DMEM)/F-t2/N2 with DNase I (10 U/ml), and incu- 
bated at 37°C for 30 mm. The samples were spun again and the 
pellets reco v e r e d in 2 ml ofDMEM/F12/N2. The ceib were then 
dissociated by sequentially triturating for 20, 10, and 5 times, 
respectively, through Pasteur pipettes fire polished to decreasing 
bore diameters. Undissociated pieces were removed by passage 
through a 40 um mesh. The cells were collected and rinsed with 
DMEM/F-12/N2 containing 10% plasma-derived fetal bovine 
serum (PD-FBS; CocaBco, Rramstown, PA) to stop the dissocia- 
tion. The cells were then suspended in DMEM/F12/N2 contain- 
ing PDGF-AA (20 ng/mb Sigma), FGF-2 (10 ng/mfc Sigma), and 
NT-3 £2 ng/ml; Regencron, Tarrytown, NY) and plated in 
100 mm uncoated petri dishes (Corning, Corning, NY). 

Magnetic Separation of A2B5 + Cells 

After 48 hr in culture, cells dissociated from adult human 
white matter were collected by washing the plates with Ca 2+ / 
Mg 2+ -free HBSS. The total number of viable cells was deter- 
mined using calcein (Molecular Probes, Eugene, OR). The cells 
were incubated with supernatant of hybridoma cells expressing 
the monoclonal IgM antibody A2B5 (done 105; American 
Type Culture Collection, Manassas, VA). Incubation proceeded 
for 30—45 min at 4°C on a shaker. The cells were washed three 
times with 10 times the labeling volume in phosphate buffer 
containing 0.5% bovine serum albumin (BSA) and 2 mM 
EDTA. The cells were incubated with 1 A tnicrobead-tagged rat 
anti-mouse IgM (Miltenyi Biotech) for 30 min at 4°C on a 
shaker. For flow cytometric analysis, some ceils were incubated 
for the same duration with fluorescein isothiocyanatc (FITQ- 
tagged goat anti-mouse IgM (1 :50). The cells were washed three 
times and resuspended in an appropriate volume of buffer. The 
A2B5 + cells were separated using positive selection columns, 
type MS + /RS + or LS + /VS + (MACS; Miltenyi Biotech). 

Labeling of Human Donor Progenitor Cells 

lipophilic dye tagging. Some A2B5-sorted cells were 
tagged with 1,1'-<uhexadecy^-33,3^3'-tetramerhylindocarbo- 
cyanine perchlorate (Dil; Molecular Probes) at 0.01 mg/ml. 
Dil-tagged cells were noted to retain their fluorescence dis- 
cretely for at least 1 week after tagging and transplantation. For 
longer survival rimes, celb were identified as donor derived and 
imaged on the basis of anti-human nuclear antibody inimuno- 
staining or by BrdU tagging in vitro prior to implantation, with 
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Fig. 1. Oligodendrocyte progenitor 
cells may be extracted from the adult 
human white matter. A3* Separation 
plots of progenitor eeBs derived from 
dissociates of adult human white matter. 
The*: graphs plot forward scatter (FCS), 
an index of cell lizc, again* fluorescence 
intensity (H.I). A thowi separation of 
progenitors based on CNP2:hGFP, and 
B exhibits FACS separation based on 
A2B5-immunomctfviry. The two celt 
populations sort into homologous quad- 
rants on forward scatter, indicating that 
the two methods extract celh of the same 
sixe. They also sort into identical pooh as 
defined by side scatter (not sliowit). ia- 
cbcating mat their sliape and internal re- 
flectance are analogous as well. C4>. By 7 
days in culture, most of the A2BS-sorted 
population had become oligodendrocytes 
(C, phase; D, fiuorescence). This was 
cnani&sted in their expression of 04 tm- 
munoreactiviry (green), which recognizes 
a suHaude epitope characteristic of oligo- 
dendrocytes. Scale bar • 40 urn. 



subsequent BrdU immunodetection. Alternatively, some human 
donor progenitors were genetically tagged with GFP, using 
knuviral delivery. 

LcntiviraJ GFP. In unic experiments, the A2B5- 
sorted celb were infected 24 hr after separation with a puri- 
fied VSV-pseudotyped lenti virus (t X lOVral) constructed to 
express enhanced GFP (EGFP) under the control of the 
cytomegalovirus (CMV) promoter, with a WPRE 5 wood- 
chuck posttranscription regulatory element. The latter acts 
like poly-A by stabiliiing the transcript without stopping 
transcription. The lentivirus was generated by cotransfecting 
plasmids pCMV-D-R8.91.pMDG, and pHRCMVGFPwsin 
into 293T celb (Han et al, 1999). Viral particles were col- 
lected after 72 hr. The viruses were partially purified by centri- 
faging the collected supernatant at 60,00% for 2 hr. The sotted 
A2B5 cells were infected with the virus in the presence of pohy- 
brene (8 (JLg/nil). GFP expression was typically observed by over 
half of the cells within each infected cell culture within 24 hr after 
infection. The cells were harvested for transplantation 48 hr after 
viral infection. 
Surgery 

Lysolecithin injection. Lesions were produced in the 
corpus callosa of 200-225 g male nits by stereotaxic bilateral 
injection of 1 (il of either 1.5% (used for xenografts of GFP- 
tagged cells only) or 2% lysolecithin type V (Sigma). The co- 
ordinates were 1.1 mm posterior to Bregma, 1.0 mm lateral to 
the midline, and 2.8 mm ventral (Gensert and Goldman. 1997), 
and the myelinotoxin was delivered at 20 uJ/hr. 



Transplantation . Three days after lysolecithin instilla- 
tion, 100,000 A2B5-sorted cells were delivered in 2 ui HBSS 
into the site of lysolecithin injection, by infusion over 3 min 
(20 ui/hr). Control animals received comparable injections of 
saline. Animals were sacrificed at 1 (n » 2), 2 (n = 2), 3 (n - 
3), 4 (n = 3). and 8 (n = 1) weeks after xenograft. 

Immunosuppression 

All animals were immunosuppressed with cyclosporin 
(Sandimmune; Novartis; 50 mg/ml). Animals received 
15 mg/kg dairy, beginning on the day of lysolecithin lesion and 
proceeding dairy thereafter until sacrifice. Animals receiving 
GFP-tagged xenografts were given 20 mg/kg. 

Immunobistochemiitry 

Animals were perfused via intracardiac catheter with 
HBSS with Ca 2+ /Mg 2+ , followed by 4% paraformaldehyde, 
with postrotation for several hours in 4% paraformaldehyde, 
passage through increasing concentrations of sucrose to 30%, 
and freezing during embedding in OCT (Lipshaw). The brains 
were then cut in 15 p-m sections on a Hacker cryostat. Sections 
were processed for one or more of the following antigenic 
markers: anti-human nuclear protein (Chemicon, Temecula, 
CA; MAbl281; 1:50 for 2 days. 4°C). anti-CNP (Stemberger, 
Baltimore, MD; MAb SMI-91; 1:1,000 overnight, 4°C), anti- 
human GFAP (SMI 21; 1:1,000. overnight, 4°C), or annmyciin 
basic protein (anti-MBP; Chemicon Ab980; 1:100 overnight, 
4°C). Secondary antibodies included FITC, Cy5, and Texas 
red-tagged anti-mouse IgM and IgG, anti-rabbit IgG (Jackson 
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Fig. 2. implanted white nutter progenitors migrated widely through- 
out the dcmyeliuated eallosum. A-fi: Sorted aduh human white matter 
progenitors were transplanted into lysolecithin-induced demyelinated 
lesions in the corpus allow of adult rati. A shows that lysolecithin 
infusiou yielded demyelinated plaques in the subcortical white matter. 
This rat was injected with 1 uJ of 2% lysolecithtn-V, directly into the 
central core of the corpus caHosum, then sacrificed for histology I week 
later and immunoMained for myelin basic protein (MBP). The large 
central lesion is visible as the discoid region of MBP immunouegativity, 
surrounded by the otherwise MBP"*" ealkwum (green). B: Ncurofib- 
ment + axons (green) initially survived lysolecithin lesion, as seen here 
1 week after lesion of the eallosum. MBP inimunoreactivity (green) has 
been lost from this lesion core, and implanted progenitors have just 
immigrated to the lesion (orange). However, axonal spheroids were 
frequent within the lysolecithin lesion bed. indicating some degree of 
early injury and transection, to which spheroid formation is a response. 
The ability of implanted progenitors to effect repair is thus limited by 
d»e viability and integrity of the targeted axonal cohort. C: Dil-labekd 
human progenitor cells (ted) 1 week after implant. Even at this early 



Irnmunoresearch, West Grove, PA), and Alexa 488- and 594- 
tagged anti-mouse and anti-rabbit IgC (Molecular Probes). 

Imaging 

Brain sections were photographed using an Olympus 
Fluoview confbeal coupled to an 1X70 phoromicroscope. Im- 



rjme point, the cells extend throughout the demyelinated lesion, which 
is characterized by ia lack of MBP immunoreactivity (green). The 
cannula track (•) indicates the site of ceil injection into the demyeli- 
nated lesion, which was induced 3 days before 10* sorted, Di!-tagged 
(red) human progenitors were delivered in 2 pi. Inset: Fluorescent 
micro beads (red) injected into regions of rysolecithin detnyelination 
(MBP; green) failed to disperse beyond their site of injection. D: The 
transplanted cells migrated throughout the demyelinated plaque, but 
not beyond its borders, except for occasional migrans that followed the 
parenchymal surfaces of blood vessels (arrow). The restriction of mi- 
gration to demyelinated regions suggests that normal myelin impeded 
the migration of these cells (bottom). E: This low-power montage 
illustrates the extent and rapidity of migration by engrafted white matter 
progenitors. Within 1 week of implantation into this demyelinated 
eallosum. the cells traversed the midline to infiltrate the lesion bed in 
the contralateral hemisphere. The longitudinal extent of this lesion is 
approximately A mm, and the rat was sacrificed 1 week after implan- 
tation. Scale ban = 200 u.m in k& 20 |tm in B; 100 ujn in CJD; 
500 jun in inset. 

ages were acquired in both red and green emission channels 
using an argon-krypton laser, as previously described (Bcnraiss ec 
al., 2001). The images were then viewed as stacked z-dimension 
images, both as series of single 0.5 u.m optical sections and as 
merged images thereof. The z-dimemion reconstructions were 
all observed in profile; every human cell doubly labeled with a 
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Fig. 3 Normal white nutter was nonpermisrive for the nugration of 
aduk progenitors. A2B5-«ortrd human progenitors xenografted into 
the normal adult rat brain faiW to migrate beyond the injection »te. 
For this figure, the human ceBi were prekbekd in vitro with lendviwl 
OFF (green) to allow the implanted progenitor* and their progeny to be 
ktattified. AJJ: The implanted WMPCs shown in two different fields 



here were imaged in an animal killed 4 week* after implantarion. The 
implanted cells did not migrate beyond the border* of the initial 
iujectate. This contrasted with the widespread migration of these eelh 
throughout demyelinated foci, as in Figure 2. Scale ban « 200 fun in 
A; 100 jam » n B - 



phenotypic marker was observed orthogonally in both the ver- 
tical and the horizontal plane* to ensure double labeling. 
RESULTS 

Oligodendrocyte Progenitors of the Human White 
Matter Are Selected by A2B5 Expression 

In previous studies, we found that transduction of 
adult human white matter dissociates with plasmids bear- 
ing the early oligodendrocytic promoter P/CNP2, driving 
the fluorescent reporter hGFP, permitted FACS of oligo- 
dendrocyte progenitor cells from cultured brain tissue 
(Roy et al., 1999). Becaase P/CNP2:hCFP cells typi- 
cally expressed A2I35 immunoreactivity, we asked 
whether separation based on A2B5 might yield the same 
pool of mitotic oligodendrocyte progenitor cells. To this 
end we first used FACS based on A2135 expression to 
extract A2B5 + cells from adult WM dissociates (Fig. 1). 
We found that 2.7% ± 0.4% of the cells could be separated 
as A2B5 4 " (n = 5 patients). This compared with P/CNP2: 
hGFP-based FACS, from which 0.59% ± 0.1% of the cells 
could be sorted as P/CNP2:hGFP + ; the mean transition 
efficiency of 13.5% would have predicted that as many as 
4.4% of sorted WM cells were potentially P/CNP2: 
hGFP + Using that figure as an arbitrary benchmark, we 
can estimate that A2B5-based FACS achieved the viable 
extraction of 57.4% (=2.7/4.4 X 100) of the P/CNP2: 
hGFP-predicted progenitor cells in the adult white matter. 

Wc next used, based on this figure, immunomag- 
netic sorting (IMS) to select A2B5 + cells from adult WM 
dissociates. IMS permits a higher yield than FACS. with a 
greater recovery and higher viability achieved at the ex- 
pense of a higher incidence of false positives. We found 
that by IMS, 2.87% ± 0.7% of the cells were separated as 



A2B5 + (n — 3 patients). This was in accordance with the 
incidence of WMPCs estimated by both P/CNP2:GFP- 
based FACS and A2B5-based FACS. 

As with the P/CNP2:hGFP + cells, the A2B5 4 " cells 
were mitotic and gave rise largely to oligodendrocytes 
(Fig. 2). When exposed to BrdU for the first 2 days after 
sorting, A2B5-defined cells incorporated the label and 
expanded in number, indicating their persistent replication 
in vitro. Over the week thereafter, most began to express 
definitive markers of the oligodendrocytic phenotype; by 
1 week after isolation, >70% expressed the oligodendro- 
cytic antigen 04. Together, these data indicate that A2B5- 
based FACS and IMS of die adult human white matter 
yields a population of oligodendrocyte progenitor cells 
that may be homologous to that recognized by P/CNP2: 
GFP-based isolation and FACS. 

Lysolecithin Lesions Provide Demyelinated Foci 
Appropriate for Experimental Implantation 

To establish whether adult human WMPCs could 
survive xenograft to adult brain parenchyma, we im- 
planted human WMPCs into lysolecithin-demyelinated 
callosal lesions in adult rats. Lysolecithin is a useful agent 
for achieving predictable, focal lesions of the white matter 
(Gensert and Goldman, 1997). It results in local demyeli- 
nation with local oligodendrocytic loss, some axonal loss, 
and relative preservation of astrocytic and endothelial el- 
ements. Spontaneous remyelination may occur following 
ly^oledthin lesioning and follows a time course that is 
dependent on the type of lysolecithin (Sedal et al., 1992), 
its volume and concentration (Woodruff and Franklin, 
1999), and the age of the animals (Shields et al., 1999). 
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Fig. 4. Xcnografted adult white matter progenitor* become oligoden- «nti-human nuclear antibody (AHA; green), were noted both to fill in 

drocytei and utrocyte*. Implanted A2B5-toited progeaiton typically the lesion and to express cJigodendrocytic CNP (red) 15 days after 

developed expression of oligodendrocytic CNP protein within 2 weeks implantation. C shows a higher magnification of this field; D demon- 

of implantation. A: In » control animal that received a saline injection, urates CNP expression (red) associated with the cell bodies of the 

CNP protein (red) remains absent from the detnyefinated central core human crib visualized as AHA* in B. Asterisks are located in the same 

of the callojum (black) 15 days after lesion. In the matched animal position; arrows in C and D indicate the tame cell. Scale bar - 20 jum 

shown in B, human white matter progenitor cells, recognized by in B (for A,B); 5 jun in D (for C.D). 



Therefore, lysokdthin lesions mimic salient aspects of 
acute inflammatory demyelination. 

Wc first confirmed the prior observations of Gensert 
and Goldman (1997) that h/solecithin lesion was associated 
with a focal lesion of capsular myelin, with initial injury 
predotninandy limited to oligodendrocytes and their my- 
elin. When assessed 1 and 3 weeks after 1 u.1 injections of 
2% lysoledthin-V, these lesions exhibited a mild degree of 
reactive astrocytosis within the demyelinated focus, the 
vascular architecture of which appeared intact. No myelin 
could be visualized by staining for MBP within 2 mm of 
the callosal injection site. In addition, oligodendrocytes 
were markedly diminished, with a >95% loss of CNP + 
cells within the MBP-demarcated lesion (Fig. 2A). Axons 
were present, as assessed by neurofilament staining, but 
axonaf spheroids were common, indicating some degree of 
axonal damage and early loss (Fig. 2B). 
Adult Human-Derived A2B5-Defined Progenitors 
Survive and Rapidly Migrate Upon Xenograft 
to Lysoledthin-Demyelinated Fod of the Adult 
Rat Brain 

We next prepared A2B5-sorted progenitor cell pools 
from adult human white matter and stereotaxically im- 



planted them into bodi normal and lysoledthin-lesioned 
adult rat brain. A2B5 + cells (1 X 10 s ) were implanted into 
each lesion bed 3 days after a 1 u,l injection of 2% h/so- 
lecithin. Some donor ecus were prelabeled with the li- 
pophilic tracking dye PKH26 to allow thdr detection after 
implantation (Horan and Slezak, 1989). Other donor cells 
were instead localized using human-specific donor cell 
antigens. At 1, 2, 3, 4, and 8 weeks after implantation, the 
recipient brains were fixed and prepared for histologic 
analysis. 

The implanted cells migrated rapidly, throughout the 
extent of the demyelinated lesions. Within 1 week of 
implantation, the cells readily traversed the midline to 
infiltrate the farthest reaches of the demyelinated lesion 
beds, which often extended over 6 mm in breadth. The 
migration rate of the cells was hence roughly 1 mm/day, 
or almost 50 u,m/hr within the lesion (Fig. 2B-D). 

The surprisingly rapid and extensive migration of the 
implanted cells raised the possibility that the initial pressure 
of the injection was contributing to their local dispersal. 
To ensure that implanted donor progenitor cells were not 
infiltrating their target lesions as a function of hydraulic 
pressure, we slowly infused them in 2 u,l over 3 min. As an 
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Fig. 5. White matter progenitor! express MBH after 
oemyelinated foci. Sorted ohgndendrocyte progenitor celt* 
from the aduk human white matter were injected i- 
ly*ofcrithin-k»ioned rat corpus cafiowm and were noted 
MBP within 3 week* thereafter. A: In a control animal that 
saline injection, MBP (red) remain, absent from die der 
central core of the caBotom (Mack) 3 weefa after lesion. B; In 
received 100,000 sorted progenitor ccDs unilaterally, hurra 



additional control, two rats were injected with 6 u,m 
fluorescent microbeads (Becton-Dickinson, San Jose, CA; 
488 nm excitation). In total 100,000 beads (2 yi/3 min) 
were delivered into callosal foci of lysolecithin demyeh- 
nation 3 days after lysolecithiii injection. The rats were 
sacrificed 2 hr after surgery, and their brains were cryo- 
sectioned and immunostained for MBP. The microbeads 
were noted to line the cannula track and otherwise re- 
mained within a focal deposit at the injection site (Fig. 
2C). These findings strongly suggested that pressure injec- 
tion per se was not associated with significant mechanical 
dispersion of injected cells. 

Normal Brain Is Nonpermissive for Migration of 
Adult Oligodendrocyte Progenitor Celli 

Despite the rapid migration of the implanted pro- 
genitor cells throughout the lesion beds (Fig. 2B,C), the 
cells were typically restricted to regions of demyelination, 
rarely extending into normal surrounding myelin. Even 
the few cells that were typically noted to have infiltrated 
normal myelin appeared to have migrated therein along 
the extraluminal surfaces of blood vessels. The latter ap- 
peared to be limited to vessels that at some point traversed 
the lesion bed and thereby presented their adventitial 
surfaces to the migrating implanted progenitors. 



(green) are surrounded by MBP (red) in the center of the lesion 21 day* 
after implantation (24 dayt after lytolectthin injection). CJD: High- 
power image showing a clutter of AHA* human cells (green) associated 
with a plethora of MBP*, myelinating, oligodendrocyrk membranes 
(red). D focuses on the MBP membranes of this field; the oligoden- 
drocytic lamettopodia (red) appear in various stages of enshcathment. 
Scale bar - 20 tun in B (for A.B); = 5 |un in D (for C.D). 



On this basis, we asked whether the restriction of 
implanted progenitors to the lesion site reflected a relative 
preference for the implanted progenitors to the demyeli- 
nated lesion site or whether it instead reflected an absolute 
impediment of normal white matter to progenitor migra- 
tion QefFerson et al., 1997). To this end, we genetically 
tagged A2B5-sorted aduk human WMPCs with CMV- 
driven EGFP by infecting them in vitro with a lentiviral 
GFP vector (see Materials and Methods). The fluorescent 
human WMPCs were then implanted into the intact sub- 
cortical white matter of four adult rats to loci including the 
callosum, hippocampal commissure, and stria medullaris. 
The fate of the tagged cells was then assessed by sacrificing 
three of the animals 1 month after implantation and one 
rat at 2 months. We found that, when injected into intact 
white matter, the adult progenitor cells remained localized 
to the implant sites: Whether assessed 4 or 8 weeks after 
implantation, the cells migrated no farther than the bounds 
of the initial injectates (Fig. 3). 

Adult White Matter Progenitors Differentiate as 
MBP"'' Oligodendrocytes Upon Xenografting 

The engraftment sites each harbored substantial pop- 
ulations of viable cells, many of which expressed CNP 
protein, indicating their oligodendrocytic maturation. 
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Fig. 6. Genetically tagged adult human-derived white matter progen- 
itors can mature and survive after xenogra&ing. Sorted white nutter 
progenitor cells were ragged with lentivkaBy delivered GFP, then 
injected into the lyjoledthirt-lerioned rat corpus callotum. The recip- 
ient animal was killed and its brain immunostained and imaged by 
confocal microscopy 8 weeks after cell implantation. In A, the GFP 
human progenitors (green) arc teen to express human nuclear antigen 
(AHA: orange), confirming the stability and donor cell restriction of the 



tag. The side and bottom panels appended to A show orthogonal side 
views taken through the indicated MBP* human donor-derived cell 
(blue/green; arrow). B: Blue color channel of A shows that several of 
the GFP-tagged human progenitors implanted into the lesion site have 
differentiated as MBP* oUgodendroglia (line demarcates lesion border). 
Many have also matured as a s t r oc y tes (dan not shown). C shows the 
cell indicated in A, emphasizing its coexprcssion of lentiviral GFP, 
human nuclear antigen (AHA), and MBP. Scale bar = 20 |im. 



CNP expression typically appeared in implanted ad» 
A2B5-sorted progenitors within 2 weeks of impkntatk 



adult 

d progenitors within I weeKs ot implantation 

(Fig. 4). By 3 weeks, many had developed expression of 
MBP (Fig. 5). These human donor-derived cells were 
noted to project MBP" 1 " lamellopodia; at low magnifica- 
tion, they were associated with a fine, filamentous array of 
myelinating fibers. These observations suggested the ini- 
tiation of progenitor-associated myelinogenesis within the 
lesion site (Fig. 5). With cyclosporin immunosuppression, 
we found that these cells could survive for at least 2 months 
in rysolecidiin-demyelinated rat recipients (Figs. 6, 7). 

To visualize better the expression of myelin- 
associated antigens by implanted human progenitors, we 
also implanted four lysolecithin-lesion animals with lenti- 
viral GFP-taggcd human WMPCs. These animals were 
sacrificed after 4 or 8 weeks, and the fate of the tagged 
progenitors was assessed histologically. At both time 
points, GFP-tagged cells were found to have differentiated 
as admixed populations of oligodendrocytes and astro- 
cytes. No neurons were noted to have arisen from these 
engrafted progenitors in a matched set of Blll-tubulin- 
immunostained sections (not shown). Within the lesions, 



many MBP + oligodendrocytes were noted to be GFP 
tagged and, hence, derived from donor human progenitor 
cells (Fig. 6). At the lesion borders, a preponderance of 
GFAP + GFP-tagged cells was typically noted, indicating 
the astrocytic differentiation of many of the implanted 
progenitors (Fig. 7). Few cells of either type migrated 
beyond the lesion Borders. 

DISCUSSION 

Our previous studies revealed the existence of a 
distinct population of mitotic oligodendrocyte progenitor 
cells in the adult human subcortical white matter. These 
cells are present in both sexes and into senescence and are 
both ubiquitous and relatively abundant in the adult fore- 
brain white matter. In this study, we found diat these 
oligodendrocyte progenitor cells of the adult human sub- 
cortical white matter may also be identified and isolated on 
the basis of their surface expression of the epitope recog- 
nized by MAb A2B5 and that this antigenic phenotype 
includes those cells defined, by CNP2-driven GFP. IMS 
based on A2B5 expression has allowed us to extract these 
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progenitor-derived cell* were abo present thai did not express MDP 
and that instead manifested astrocytic morphologies (arrowheads), f n D, 
irrununolabeiirig for human GFAP (ted) revealed that many of the 
GFP-ragged human progenitors had in fact given rise to astrocytes. 
Scale bar = 20 \un. 



Hg. 7. Both astrocytes and oligodendrocyte* arose from implanted 
adult human white matter progenitors. In A, a confocal composite 
shows wo GFP-tagged human (green) MBP (red) oligodemfcocytes 
in the lesion bed of a rysolecithin-injected tar callosum 8 weeks after cell 
implantation. In addition to the MBP + cent (arrows), other human 



cells from human white matter dissociates in numbers 
sufficient for experimental xenografHng. 

The implanted white matter progenitors were found 
to be highly motile and migratory, infiltrating the demy- 
elinated regions of the white matter over distances up to 
1 cm in the week after implantation. However, they were 
found to avoid normal myelin, which effectively excluded 
their infiltration. The failure of WMPCs implanted mto 
the normal brain to migrate beyond the injection bed 
stood in sharp contrast to the fate of otherwise identical 
cells implanted into lesioned white matter, which mi- 
grated rapidly and efficiendy throughout the available 
demyelinated lesion bed. These observations suggest that 
normal adult white matter is nonpermissive for the migra- 
tion of adult-derived WMPCs. This restriction appears to 
be stringent and does not merely reflect demyelinated 
tissue acting as a preferential substrate for progenitor mi- 
gration. In a general sense, progenitor cells may be subject 
to the same types of negative influences on their migration 
as are axons, whose extension is suppressed in the envi- 
ronment of normal white matter (GrandPre et aL, 2000; 
Chen et al., 2000). However, whereas several myelin- 
associated moieties that suppress axonal extension, and the 
axonal receptors for these repulsive hgands, have been 
identified (Fournier et aL, 2001), the operative white 
matter signals that restrict progenitor cell migration have 
yet to be determined. The characterization of these repul- 
sive ligands and of their anticipated progenitor cell recep- 



tors will likely constitute an important avenue for future 
study. 

The engrafted adult-derived progenitors differenti- 
ated largely as oligodendrocytes, and also as astrocytes, and 
exhibited myelin protein expression in regions of experi- 
mental demyelination. The time course of this process was 
relatively rapid; oligodendrocytic differentiation, as re- 
flected by CNP protein expression, ensued within 2 weeks 
of donor cell isolation and implantation. Myelinogenesis 
appeared to follow closely, such that MBP expression 
attributable to donor cells was evident within 3 weeks of 
implantation. The efficiency of myelination was difficult 
to assess in this study, insofar as we did not systematically 
assess the persistence of axons in these lesions. This caveat 
notwithstanding, our observations suggest that the intro- 
duction of highly enriched preparations of progenitor cells 
derived from the adult human white matter may permit 
the structural repair of demyelinated lesions in the adult 
CNS. 
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